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EXECUTIVE SUMMARY

Georgia Institute of Technology
and
Office of Naval Research

WORKSHOP ON CONDITION BASEDD MAINTENANCE

Sheraton-Atlantic Beach
Atlantic Beach, N.C.

November 15-17, 1993

The Georgia Institute of Technology conducted a two and one-half day Workshop on Condition Based
Maintenance at the Sheraton-Atlantic Beach Hotel in Atlantic Beach, N.C. on November 15-17, 1993,
The workshop, sponsored by the Office of Naval Research, was held in conjunction with the Materials
Engineering Division, Naval Aviation Depot of Cherry Point, N.C., and the Office of Naval Research.
Representatives from academia, industry, national laboratories, and military services participated. Ward
Winer of the George W. Woodruff School of Mechanical Engineering, Georgia Institute of Technology,
and Peter Schmidt of the Chemistry and Materials Division of the Office of Naval Research served as co-
chairs of the meeting. The purposc of the workshop was to promote the interchange of ideas and
experimental techniques in support of the monitoring of military aircraft, ship, and land-vehicle
components.

After a brief introduction and welcome, the first day of the workshop began with keynote addresses
outlining the maintenance needs at Cherry Point, and sensor-monitoring requirements associated with
component life and performance. This was followed by a tour of the Cherry Point Depot maintenance
facilities. Upon return from the afternoon bus trip, breakout groups formed, chartered to discuss research
and engineering needs for the implementation of specific monitoring procedures and component life
improvements. Four subgroups were created by self-selection in the areas of Maintenance & Engineering,
Chemistry & Physics, Sensors, and Signal Analysis.

The second day of the workshop focused attention on specific techniques for the in-situ monitoring of
component life and performance, with brief presentations offered by numerous experts. The breakout
groups refined the deliberations, and presented summaries to the plenary meeting for further discussion.
As a result, four new subgroups formed to address issues related to Critical Equipment Failure and
Maintenance, Failure Models, Sensors, and Signal Analysis.

The workshop ended with a morning plenary session. Group reports were presented and discussed. A
summary of NADep drive issues concluded the meeting.

This document contains summaries from the breakout group deliberations and presentation materials used
by the speakers, whose efforts were truly appreciated. A special thanks goes to ONR's Peter Schmidt and
Georgia Tech's Steven Danyluk, Scott Bair, and Richard Cowan, for their "behind the scenes” efforts in
making this a successful event.

(O 0wl U T

Ward O. Winer
Regents' Professor and Director
Georgia Institute of Technology




Co-Chair:

GEORGIA INSTITUTE OF TECHNOLOGY
AND
OFFICE OF NAVA! RESEARCH

WORKSHOP
ON

CONDITIONED BASED MAINTENANCE

Sheraton-Atiantic Beach
Atlantic Beach, NC
November 15-17, 1993

Ward O. Winer

Woodruff School of Mechanical Engineering
Georgia Institute of Technology

Atlanta, GA 30332-0405

404/894-3200

Peter Schmidt

Chemistry & Materials Division
Oftfice of Naval Research
Arlington, VA 22217-566
703/696-4362

Monday, November 15th

8:30 a.m.

8:35a.m.

8:45 a.m.

9:15 a.m.

9:45 a.m.

10:15a.m.

Ward O. Winer, Chair
Welcome

Peter Schmidt, ONR

“"INTRODUCTION AND OBJECTIVES OF THE WORKSHOP"

John Cammett, Cherry Point-Navy
"MAINTENANCE NEEDS"

Don Kover, NSWC - Carderock, Annapolis, MD

"TECHNOLOGY DEVELOPMENT PLAN FOR INTEGRATED MECHANICAL

DIAGNOSTICS"
Paut Howard, Consultant

"AN OVERVIEW OF CONDITIONED BASED MAINTENANCE"

15 Minute Break
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10:30 a.m.

11:00 a.m..

11:30 a.m.

12:00 p.m.

5:30 p.m.
8:00 p.m.

Frederick F. Ling, University of Texas-Austin
“"COMPREHENSIVE AND CRITICAL LITERATURE REVIEW OF
IN-SITU MICRO-SENSORS FOR APPLICATION IN MACHINERY

DIAGNOSTIC™

Ronaid Kadysewski, Vickers-Technology and
John Reintjes, NRL

"OPTICAL DETECTION OF WEAR DEBRIS"

Lunch

Bus Leaves For Tour to Cherry Point Maintenance Facilities
John Cammett, host

Return to Hotel
Breakout Session Discussion, "What are the Issues?”
Self select in four groups in areas of:

- Maintenance & Engineering
Chuck Stancil discussion leader

- Chemistry & Physics
Irwin Singer discussion leader

- Sensors
Steve Shaffer discussion leader

- Signal Analysis
Tom McKenna discussion leader

(select a spokesperson to summarize issues and give brief notes on
issues to Peter Schmidt or Ward Winer by 10:00 p.m.)

Juesday - November 16th

8:30 a.m.

9:00 a.m.

9:30 a.m.

9:50 a.m.

10:05am,

Jan Achenbach, Northwestern University
"QUANTITATIVE NON-DESTRUCTIVE EVALUATION FOR CONDITIONED

BASED MAINTENANCE"

S. Ramalingam, University of Minnesota
"PEIZO-ELECTRIC SENSORS FOR REAL-TIME CONDITION MONITORING"

Steven Danykik, Georgia Tech
"WEAR AND LUBRICANT DEGRADATION MONITORED BY WORK
FUNCTION MEASUREMENTS"

Scott Bair, Georgia Tech
"SHEAR BANDS IN LUBRICANT FILMS-AN OPTICAL STRESS SENSOR"

Rick Sewersky - Sikorsky Aircraft
"SIKORSKY HUM REQUIREMENT"




10:15 am.

10:30 a.m.

10:40 a.m.

10:50 a.m.

11:10 a.m.

11:20 a.m.

11:30 a.m.

11:40 a.m.

11:50 a.m.

12:00 p.m.

1:30 p.m.

3:30 p.m.

5:30 p.m.

8:00 p.m.

Break

Dor Ben-Amotz, Purdue University
"RAMAN SPECTROSCOPY OF MOLECULAR MARKERS"

Roger Barron and Gene Parker, Barron Associates

"SIGNAL PROCESSING"

(On-Line Diagnostics and Prognostics for Early Malfunction Alerting and
Conditioned Based Maintenance)

William Ruff and K.G. Krieder, NIST
“THIN-FILM FRICTION AND WEAR SENSORS FOR CONTINUOUS
BEARING MONITORING™

lrwin Singer, NRL
"SURFACE SCIENCE IN TRIBOLOGY"

Francis Kennedy and Ursula Gibson, Dartmouth College
“"SURFACE TEMPERATURE MEASUREMENT IN-SITU"

Steve Hsu, NIST
*A MECHANO-CHEMICAL MODEL: REACTION TEMPERATURES IN A
CONCENTRATED CONTACT"

Bill Nickerson, Penn State University
“INITIATIVES IN CONDITIONED BASED MAINTENANCE"

David Board, dme Corporation
“STRESS WAVE ANALYSIS"

Ted Frison, Randle, Inc.

"SIGNAL ANALYSIS/SIGNAL PROCESSING"

(Given on tour at Cherry Point Fay iity)

Lunch

Presentations from Breakout Session groups of 15 November.

Breakout session discussion.
Self select in four groups.

Dinner

Groups meet and prepare preliminary drafts of group reports for 17 November
presentation.
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Wednesday - November 17th
8:30 am. Plenary Session
Group Reports and Discussion

10:00 a.m.

12:00 p.m.

1. Critical equipment failure/maintenances issues: John Bowen

2. Failure Models: Tribology, LD Wedeven; Structural: Wm. Glaeser
3. Sensors: Steve Shatfer

4. Signal Analysis: Tom McKenna

Biilly Morgan, NADep
"NADep-DRIVE ISSUES SUMMARY"

Meeting Adjourned.




1

. Workshop on Conditioned Based Maintenance
INTRODUCTION AND OBJECTIVES

The Georgia Institute of Technology, the Materials Enginecring Division, Naval Aviation
Depot, Cherry Point, NC, and The Office of Naval Research held a two and one-half day
Workshop on Condition Based Maintenance in November, 1993 at the Sheraton Atlantic
Beach Resort at Atlantic Beach, NC.

This workshop was supported by ONR.

The Issue

America’s military machines--ships, aircraft and land vehicles--are growing old. Many of the
aircraft and ships we now rely on, for example, were designed and built twenty and thirty
years ago. Unhappily, we can no longer plan to replace these old vehicles with next
generation equipment; we must expect our older vehicles to remain in service well into the
next century. But older vehicles can present problems of poor performance, inadequate
safety, and increasingly expensive maintenance. It is our task to develop a maintenance
system that can address these problem areas in older vehicles.

If we want our older equipment to operate safely and efficiently, we need to locate and
address problems before they progress to the point of mechanical failure. But incipient
failures are hard to locate, and current maintenance systems have only limited capabilities to
do so. Current systems rely mainly on time based inspection, which requires that parts be
inspected at specified intervals, and that they be replaced when deemed unfit for service. The
problem with time based inspection is that it often fails to catch incipient failures, with
disastrous consequences. An alternative to time based inspection is continuous monitoring of
critical components; however, while this approach may be effective, it is also expensive.

These two approaches share one important flaw; they are based on inspection, and
maintenance approaches based on inspection simply cannot provide real time information
about the condition of a mechanical system. If we can collect such information, we can
develop a condition based maintenance system which will be efficient, practical and safe.
This report outlines our thinking about approaches to condition based maintenance, it suggests
some avenues of study that researchers could fruitfully pursue, and it outlines some
approaches that we could reasonably incorporate into our maintenance programs today.

Current work

The Navy has begun to address the need for real time information through an extensive
program in mechanical fault diagnosis. The Navy’s diagnostic method uses mechanical
vibration sensors, which are attached to critical components and whose output is assessed
through automated pattern recognition. A model system for helicopter transmissions will
soon be tested in actual settings.

The Navy’s work with mechanical vibration methods depends, of course, on vibration sensors.
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But these sensors have limitations, and vibration may not always be the best indicator of
pending mechanical failure. The job of this workshop is to explore other approaches to
sensing, and to outline other parameters that may be critical in signalling mechanical failure.
To this end, it is important to consider failures initiated by corrosion, to develop means of
assessing lubricant degradation and contamination, and to detect surface fatigue and numerous
modes of wear.

Areas of Study
In order to make real progress addressing the issue of conditioned based maintenance, we

need to address a number of questions:

* Do we know the physics and chemistry of the moving interface for metals and of
materials subjected to high loads, high temperatures and corrosive environments?

*  Which state variables--temperature, pressure, composition, electrical and magnetic
variables, force--play a role in signalling the onset of a given problem?

*  How will vibration sensing evolve?
*  How can sensors be effectively placed on moving components in an oily environment?
*  How will signal transduction from sensor to operator evolve?

*  Can neural network analysis become a useful tool in development of our maintenance
program?

*  What other parameters merit consideration?

Practical Considerations

Any study associated with maintenance should first identify critical elements which are bound
to fail; these elements should have priority in our studies as they have priority in
maintenance. For each critical element, we must consider the mechanism of failure and, if
possible, develop a general failure model; this model should guide us in selection of the best
mechanical, physical or chemical sensors to detect faults and pending failures. Then we must
develop a means to analyze and correlate sensor output in order to provide an operator with
reliable information about the state of the system,

Our summary of areas of study may seem to suggest a specific research program, but this
sequence need not be followed in lockstep. Nor is it necessary to address all of the above
questions before we introduce refinements into existing maintenance programs. We should
consider, rather, that work in each of these areas will contribute to our knowledge of the state
of the mechanical system in general, and the tribological interface in particular, and that we
will all benefit from new understanding of friction, wear and mechanical failure.

P.P. Schmidt, Ph.D.
Scientific Officer, ONR
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MAINTENANCE NEEDS

Increased maintenance efforts with limited
resources are anticipated at Cherry Point,
given the closing of three of six inspection
depots. Cherry Point(NC), Jacksonville(FL),
and San Diego(CA) survived cuts.

Cherry Point depot performs inspection and
maintenance routines on an assortment of
assemblies including jet engines, carrier
components, C130 aircraft, and H46 helicopters.

Standard maintenance and inspection routines at
Cherry Point use such non-destructive aids as
magnetic particles, ultrasonics, fluorescence,
eddy current, and x-rays. The cracks,
delamination and/or wear identified are
generally attributed to fatigue and corrosion.

Given the likelihood of failure with aged
equipment and the effect of such an occurrence
(e.g., loss of life, loss of platform),
improved maintenance plans and inspection
methods are a necessity. Field sensors are
particularly desired.

To provide the means for understanding what
the Cherry Point maintenance facility does and
needs, a tour of the depot will be conducted as
part of the Workshop on Condition Based
Maintenance, the afternoon of 15 November.
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PAUL L. HOWARD
Coasultant
to
gatutmn! aad ﬂuﬁuhy

Telephone 1212 Curasanoox Roan FAX
215-692-0132 Wast CuxsTzn, PA 19380 215-692.3084

DIAGNOSTIC TECHNOLOGY TRENDS
AND
EMERGING TECHNOLOGY

Briefing

TECHNOLOGY APPLICATION . BUSINESS DEVELOPMENT . STRATECIC PLANNING

ARARRRRRRANARAARRARARRARRRAAAARAARARAARARS PBUI Howard, "A" overvlew of cond|"0ned Based Ma‘ntenance" RARAARAAAEENAA RS ARANREAAARRARAAAGANA




AGING FLEET
°

SOME KEY ASPECTS
OF THE
CURRENT WEAPON SYSTEM
. SUPPORT ENVIRONMENT

--- ESPECIALLY HELO
INCREASED MAINTENANCE BURDEN
ATTRITION -- WEAROUT.

NO ASSET REPLACEMENT LINE ITEM
FEWER NEW WEAPON SYSTEM STARTS

SUPPORT ASSETS REDUCED

PERSONNEL ROTATION, RIF, SHORTAGES
. FEWER STAFF, SAME HISSION IN OPERATIONS.
HIGHER SPARES COSTS/PRESSURE TO REDUCE USEAGE.

NAVY STRATEGY DIRECTIONS ( HOW™TO COPE)

EXTEND LIFE OF ASSETS --- SLEP .

CONSERVE ASSETS --- LOWER MAINT. BURDEN BY
BETTER DIAGNOSTICS

REDUCE SPARES USEAGE -~-- REDUCE FALSE REMOVALS.

- IMPLEMENT A BALANCED RISK REDUCED TECHNOLOGY

PROGRAM TO ACHIEVE TBO TO CBM TRANSITION
e ON~BOARD DIAGNOSTICS
e MAINTAINERS ASSOCIATES
e EMBEDDED TRAINING )
FUNDED FROM CURRENT R&D LINES+CIP
RISK ABATEMENT
e PROVEN TECHNOLOGY
o TECHNOLOGY DEMONSTRATIONS-- ATD ROUTE
e TECHNOLOGY DEVELOPMENT -- 6.2, 6.3,IR&D

(2)

—
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IDEAL /
CHARACTERISTICS
OF THE
'DIAGNOSTIC CHIP

INTERNAL / EXTERNAL POWERED

INTEGRAL SENSORS =~-- ACCELERATION,STRAIN, TEMPERATURE, CHEMICAL (POSSIBLE)

SIGNAL CONDITIONING FOR EXTERNAL SENSOR INPUTS --- ABOVE PLUS STATE VARIABLES.

( ANALOG )
DATA I/0 --- BUSS PLUS TRANSMITER(FM/FM FORMAT)
STACKING ABILITY --- TRANSPUTER EQUIVALENT AS A MINIMUM.

- REDUNDANT / PARALLEL , HIGH RELIABILITY , HIGH TEMPERATURE (> 150° C ),
CHEMICAL RESISTANT




. DIAGNOSTIC CGHIP
FUNCTIONS

4

NEURAL NET PATTERN MATCH --- 64 X 64 MINIMUM , 150 PATTERN REPERTIORE.

SIGNAL CONDITIONING --- VOLTAGE / CURRENT SOURCES , HIGH INPUT IMPED. ,
SELECTABLE LO/HMI PASS FILTERING, EIC.

A/D , D/A EXTERNALLY / INTERNALLY CLOCKED.
USE REGIME COMPUTATION AND PROGRAMMABLE LOOK UP TABLES --- LIFE USEAGE.
DSP FUNCTIONS =--- FFT , PSD , FFT™ , KURTOSIS --- SELECTABLE SEQUENCE.
LIMIT EXCEEDENCE --- ALARM --- TREND CALCULATION CIRCUITS

SERIAL / PARALLEL I/0 INCLUDING DSP FUNCTIONS FOR STACKING.

INTERNAL POWER GENERATION --- TEMP. OR VIBRATION INDUCED.

FM/FM TELEMETRY TRANSMIT MODE.

EXTERNAL .POWER INPUT / CONDITIONING CAPABILITY. . . ..




SOME TYPICAL USES
OF THE

DIAGNOSTIC CHIP

GEAR BOX FAULT DIAGNOSTICS --- SELF CONTAINED
ROTOR HEAD STRUCTURAL FATIGUE DETECTOR --- SELF CONTAINED , SELF POWERED ,
TRANSMITTING DATA TO AIRFRAME.
ELECTRIC MOTOR CURRENT ANALYSER --- FAULT DETECTOR.
EMBEDDED / INTEGRAL STRUCTURAL FATIGUE MONITOR --- REGIME RECOGNITION.

ENGINE GAS PATH DEBRIS / OIL DEBRIS ANALYSER.

MR
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CONDITION BASED MAINTENANCE
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OPTICAL OIL DEBRIS MONITOR

FIELD TESTS

H-60 DEBRIS

FLOW RATE 0.6 m/sec

1mm




SAND

OPTICAL OIL DEBRIS MONITOR
FIELD TESTS

FLOW RATE 5.2 m/sec
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ISSUES TO BE ADDRESSED BY BREAKOUT GROUPS

1. FAILURE MECHANISM MODELS
2. FOR WHICH FAILURE MODES/TYPES?

3. WHAT USEFUL MEASUREABLE INFORMATION COMES OUT
OF COMPONENT?

4. HOW CAN IT BE MONITORED?
Sensors
- Oil Analysis Issues (e.g., debris, chemistry)
- Physical State(s)

5. DATA PROCESSING
- Real Time Analysis
- Multichannels

6. DECISION MAKING
- Probabilistic Aspects
- Stochastic/Nonlinear Aspects

7. DATABASE DEVELOPMENT

Four groups were formed to discuss the issues of conditioned based maintenance
relative to the disciplines of Chemistry & Physics, Maintenance & Engineering, Sensors,
and Signal Analysis. Suggestions from the Chemistry & Physics subgroup follow. Results
from the other subgroups are incorporated in the Plenary Session reports of 17 November,
1993.

RARARAARRRARNEAAREARAARAARNA RARRAARAAARARARRAARNARARAAA S 0" 1 ARRARARRRAARARARRERARANARARANARS NASAAARAACAAAINCRARNANARARS
Breakout Sesslon, “Issues ¢




CBM workshop, 15~17 Nov. Cherry Point. Sheraton Atlantic
Beach. Atlantic Beach, NC.

summary of the “irst night panel on physics and chemistry

tasks in CBM.

We addressed the approaches that might be used to tackle the
three problems below, listed in priority order:

1.

detection of fatigue cracking in corrosive environments.

a. inspection methods to detect cracks 100 um in size.
b. microdetectors for corrosion products
c. thin film devices to monitor interface properties
i. surface chemistry e.g. corrosion products
ii. surface integrity e.g. crac). sensitive films
detection of fine (20 - 70 um) debris, both ferrous and
non-ferrous, such as Al and bronzes.
a. centrifuge
b. filter trap sensors
c. mass detectors such as quartz crystal monitors
d. in-line chemistry detectors tuned to specific
species e.g. Fe,0,:
i. Raman
ii. Fluorescence
(1) "dopant labeled" ceramics
e. thin film activation detectors
£. zeta potential
g. charged particle detectors
h. electrochemistry with micro-electrodes
i. coatings, with markers based on
i. ion implantation
ii. multilayer markers
monitor oil condition and additive-depletion of
lubricants.
a. fluorescence of oxidized products
b. additive-depletion using chemical microsensors

Irwin Singer, Scribe.




] QUANTITATIVE NON-DESTRUCTIVE EVALUATION

( QNDE )

FOR

CONDITION-BASED MAINTENANCE

~ J. D. ACHENBACH

CENTER FOR QUALITY ENGINEERING AND
FAILURE PREVENTION

NORTHWESTERN UNIVERSITY

EVANSTON

IL 60208

** Jan Achenbach, "Quantitiative Non-Destructive Evaluation for Conditioned Based Maintenance™ ***#++#s+saaasass




POINTS IN LIFE CYCLE WHEN QNDE IS NEEDED

1. DESIGN OF COMPONENT

2. CONTROL OF PROCESSING OF BASIC
MATERIALS

3. CHECK THAT QUALITY OF INCOMING
MATERIAL IS SATISFACTORY FOR
ADDING MANUFACTURING VALUE

4. CHECK OF INTEGRITY OF
MANUFACTURED COMPONENTS

5. DETERMINATION OF IN-SERVICE
DEGRADATION




i
i
]
i
JN-SERVICE DAMAGE
! FATIGUE DAMAGE : MATERIAL DETERIORATION
i CRACK ( NEAR STRESS RAISER )
§ WEAR
2 CORROSION
ADHESIVE FAILURE
8 opacT pamace ( COMPOSITES )
§  MOISTURE INFILTRATION
|
'PROBABILITY OF DETECTION ( POD)
|

| 'DAMAGE TOLERANT DESIGN PHILOSOPHY

'RETIREMENT FOR CAUSE

l REPAIR

C




Boeing’s three varieties of 737, including |  Technology also ~ontributes to the trend.

. ;3:3‘,_4 _,E‘ g

©1988 Robert Nichols/Black Star

oming apart at the seams? Al 9-year-old Boeing 737 split apart last April along a weak skin
plice that had been the subject of concern since 1972.
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Figure 5.7A

UPPER SKIN
TYPICAL CRACK

[ ——

CRITICAL
RIVET.
ROW o
‘ o
CRACK ORIGIN
KNIFE
EDGE
S’
——
TYPICAL CRACK
PROPAGATION
Figure 5.78

Figure 5.7A and 5.7B Lap Joint And Crack Formation
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DAMAGE GENERATION
SIGNAL : ACTIVE, PASSIVE
EXAMPLES :
PASSIVE : ACOUSTIC EMISSION
THERMAL
MAGNETIC
ACTIVE : ULTRASOUND
EDDY CURRENTS
X-RAY
THERMAL WAVES
OPTICAL INTERFEROMETRY
E-M WAVES

:
!
!
'
!
i
'
!

2 SENSOR(S)

3. MEASUREMENT MODEL
4. DATA COLLECTION

DATA PROCESSING

bl

6. INTERPRETATION

HUMAN
EXPERT SYSTEM
' NEURAL NETWORK

l 7  CORRECTIVE ACTION
a— '}-., .
———'—-——i




MEASUREMENT MODELS FOR QUANTITATIVE ULTRASONICS
PURPOSE: TO PREDICT FROM FIRST PRINCIPLES THE MEASUREMENT
SYSTEM'S RESPONSE TO SPECIFIED ANOMALIES IN A

GIVEN MATERIAL OR STRUCTURE

(CRACKS, VOIDS, DISTRIBUTED DAMAGE, CORROSION, ETC.)

REQUIRES CALCULATIONQF : ~ GENERATION

PROPAGATION
REFLECTION
TRANSMISSION
SCATTERING
RECEPTION
OF ULTRASOUND
BENEFITS :
1. DESIGN AND OPTIMIZATION OF EFFICIENT TESTING
CONFIGURATIONS
2. INTERPRETATION OF DATA
3. DETERMINE POD (PROBABILITY OF DETECTION)
4. IDENTIFY CHARACTERISTIC FEATURES, INVERSE PROBLEM
5. DEVELOP TRAINING SET FOR NEURAL NETWORK AND/OR

KNOWLEDGE BASE FOR EXPERT SYSTEM
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Fig. 12. Selected ultasonic probe types (see Fig. 10 for
contact probe). (a) Immeision. (b) Focussed immersion. (c)

Contact angle shear.
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LASER-BASED ULTRASONICS

OBJECTIVES

To exploit the advantages of laser-based ultrasonics for NDE of aircraft
structures: :

Non Contact

. Point. Ge'neration and Detection

Wide Frequency-Band Measurements
Curved Surface Applicability
Absolute Displacement Calibration

Both Broad Band and Narrow Band Signal
Generation

Easy Scanning
Remote Application by Use of Fiber Optics

The technique uses a laser or a transducer to excite ultrasound and a dual-
probe laser interferometer for the measurement of ultrasonic signals.




§  LASER-BASED ULTRASONICS FOR ONDE

i Schematic:

' Powaer laser, Q-switched YA@}-———M.Q

' Generation ) .
Dual-Probe [ @

l 7 De;‘;?::elator lm:raferol;zeter - Flaw
Detection

Applicationg Implemented:

. Characterization of Surface Roughness
- Evaluate Fatigue Damage )

. Determine Material Anisotropy

. Measure Thin Film Elastic Constants

. Detect Cracks in Fuselage Panel

. Fiber Guided Remote Crack Detection
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DIAGRAM OF THE DUAL-PROBE
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APPLICATION OF NARROW BAND SIGNAL
GENERATION AND DUAL-PROBE DETECTION
TO RIVET CRACK INSPECTION
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with Laser Generated Narrow-Band Signal
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reps in analysis:

Strain in host due| - @

to elastic wave \

@

Sau

Geometry for ana.lys:is:

Strzin in fiber

xl

Phase shift of

Mechanical Interaction of
Detector Components with Host

®

light in fiber

T~

Light intensity at
interferometer output

A2,vZ,p2

parcal mirror

sensing region
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Ultrasound Detection using
Fiber Optic Fabry Perot Sensors

incident

partial mirror \ ’ sensing region l ultrasound
) / J

full mirror . 4

- Ultrasound induces length and refractive index changes in fiber
producing phase shifts of light in fiber

- Phase differences between the light reflected from the full
mirror and the partial mirror cause changes in the intensity
of light reflected from the Fabry Perot cavity

0.5

0.4

Reflected 0.3
Intensity
Incidept 02
Intensity

(n-2) = n-1)=x nx (n+l) n (n+2) xn
Phase Shift

- Large amplitude signals produce large phase shifts and the reflected
intensity sweeps through several maxima :

- Ultrasound produces small phase shifts and the reflected intensity
oscillates about a point

- From the measured light intensity output and knowledge of the
Fabry-Perot sensor response, the ultrasonic signal can be obtained.

P
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Ultrasound Detection using Fiber Optic Fabry-Perot
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3.5 MHz three cycle tone burst detected with FOFP
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Ultrasonic
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(b) Frequency domain training data

Fig. 4 Theoretical training signals for ten notch depths

ranging from 0.6mm to 2.4mm with 0.2mm increments.
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CONCLUSIONS

Quantitative Non-Destructive Evaluation is a systems approach which integrates the
identification of appropriate state variables defining damage states and failure criteria with
diagnostic techniques using suitable sensors, measurement models and data processing
techniques to predict the reliability and safety of components.

Quantitative Non-Destructive Evaluation is the most important component of an
interdisciplinary appruach to Condition-Based Monitoring.
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Aluminum nitride thin film sensor for force, acceleration, ana acoustic

emission sensing

L Zheng, S. Ramalingam, 7. Shi, and R. L. Peterson
Productivity Center, Mechanical Engineering Department, University of Minnesota, Minneapolic

Minnesota 35435

(Received 30 November 1992; accepted 27 March 1993)

To meet the real-time process monitoring and control needs in machining automation,
aluminum nitride thin film sensors have been implemented on WC-Co cutting inserts ty f
sputtering. These piezoelectric sensors detect force, acceleration, and acoustic emission signals.
Method of constructing, characterizing and evaluating AIN piczoclectric sensors are presented
bere. It is shown that c-axis oriented AIN films can be deposited on WC-Co substrates to sense
force, acceleration and acoustic emission signals. As the transducer characteristics vary with rf
sputtering conditions, parametric studies have been carried out to determine *'best processing”
conditions to obtain the needed transducers sensitivities and process reproducibility. Results of
these studies are also presented here. 1t is shown, in addition, that AIN films deposited WC-Co
can provide useful signals even though the cutting tool substrate may experience temperature

rise during use in metal machining.

{. INTRODUCTION

Chemical vapor deposition (CVD) and physical vapor
deposition (PYD) processes are now in wide use to im-
prove the wear life of cutting tools. To secure best benefit
from the single or multilayer hard compound films depos-
ited with these processes, coated tools are used at higher
metal removal rates so that the tool life obtained in cutting
is between 20 and 60 min. The frequent tool replacement
necessitated by this is a problem in automated machining
since frequent operator attention is called for. If tool re-
placement by the operator is scheduled at fixed time inter-
vals, some tools are replaced prematurely and some tools
will continue in use beyond wear limit. This is due to dis-
tributed wear life common in coated and uncoated cutting
tools. Weibull-distributed life, for example, is common in
TiN-~coated drills. Tool condition monitoring can be useful
to overcome the distributed life problem in automated ma-
chining. By condition monitoring, the actual end point of
tool life is detected so that every tool is used to the limit of
its usefut life.

Force, acceleration, and acoustic emission signal sensing
are frequently used to determine the too! condition during
machining. Strain gage and piczoelectric crystal dynamom-
eters can be used to sense the change in the mn;nitude and
direction of the cutting forces with tool wear'? to deter-
mine the 100l condition. Piezoelectric accelerometers may
be used to sense changes in vibration modes to infer tool
condition. Acoustic emission (AE) signals generated dur-
ing machining and from too} fracture may also be used for
tool condition monitoring.>*

Thin film piczoelectric transducers exhibit natural fre-
quencies in the MHz range. Sputter deposited, piczoelec-
tric sensors, constructed directly on a nonworking surface
of & cutting too), offer 8 means of implementing acousti-
cally bonded AE transducers in cutting tools. High trans-
ducer sensitivity is ;calized by positioning the transducer
close to the signal source and the signal distortions avoided

by doing so can make less severe demands on signal con-
ditioning circuitry. Robust and affordable tool condition
monitoring systems then become accessible by integrating
the transduction function of the thin film sensor with the
cutting function of the carbide substrate.

When transducer seasitivity is high, by positioning the
signal conditioning electronics close to the transducer, use-
ful dc as well as ac signals can be secured. Hence, with thin
film piezoelectric transducers force, acceleration, and
acoustic emission signals can all be acquired with a single
sensor to implement a robust, multiparameter tool condi-
tion sensing system.

We have constructed piezoelectric thin 5lm transducers
on WC-6% Co substrates. Proof-of-principle was demon-
strated with ZnO sensors.® Sputtering and photolitho-
graphic processes were used for film deposition and sensor
delineation respectively on commercislly available WC-Co
cutting inserts. Subsequently aluminum nitride transducers
have been implemented. As AIN transducer sensitivity var-
ies with film deposition conditions, studies have been car-
ried out to identify the film deposition conditions which
provide better transducer sensitivities and yields. Force,
scceleration, and acoustic emission sensing characteristics
of instrumented cutting inserts have been determined. Per-
formance characteristics of the integrated sensor have also
been evaluated in machining tests. Results obtained are
presented and discussed in this article.

. EXPECTED TRANSDUCER CHARACTERISTICS

Cobalt-bonded tungsten carbide cutting inserts (square,
triangular and otber standard shapes) are in wide use for
machining. Edge dimensions of the cutling inserts vary
between 10 and 40 mm, and thicknesses range between 3
and 15 mm. To develop the notion of an instrumented
insert with an integral thin 6lm piezoclectric sensor and to
estimated the anticipated sensor characteristics, we assume
use of & 12 mm square cutting insert, 3-5 mm in thickness,
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F10. 1. (8) Schematic of s thin Slm sensor fabricated on s 12 mm square
WC-6% Co insert. {b) Working configuration of the instrumented insert
in the 1oo! holder. Ap acoustic emission transducer is attached to the tool
holder as shown to compare thin film sensor performance in the 100-500
kHz frequency band against that of a commercial AE sensor.

shown in Fig. 1(a). An insert of this type is held in 2 tool
holder during use with finger clamps of the form shown in
Fig. 1(b).

An instrumented cutting insert is realized by depositing
a piezoelectric thin film sensor on the lower surface of the
insert and overlaying it with a metal electrode. To prevent
electrical shorting during use, the sensor is encapsulated
with an insulating layer. A small opening is provided on
the lower side of the insulating layer to make electrical
contact with the piczotransducer. The substrate serves as
the ground electrode of the piezosensor. One way of im-
plementing an instrumented insert is shown schematically
in Fig. 1(a).

A 10 mm square sensor can readily be implemented on
8 12 mm square cutting insert. If the sensor implemented is
2 pm thick, expected charge or voltage sensitivities of the
transducer can be estimated from piezoelectric equations.
Let E, D, T, and S represent the electric field, electric
displacement, stress and strain respectively. Taking the
electric field, strain, etc., to be in the same direction, and
assuming a linear elastic material, the piezoelectric equa-
tions are: :

D=dT+¢'E, 4)
S=sfT+d'E, )

where € is permittivity at constant stress and s£ is com-
pliance at constant field. If the transducer surface area is
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not changed by the stress applied, then d=4d" is the piezo-
electric charge constant in CN~! units. Inverting Eq. (1)
yields

E=gT+D(e")"" 3)

Here g=d/e” is the piczoelectric voltage constant.
Taking the sensor to be made of ZaO or AIN, and as-
suming that the thin film sensor is constructed such that
the ¢ axis of the film is normal to the substrate surface, the
expected charge sensitivities for the piezotransducers are
estimated from d), values tabulated by Ikeda® as

ZnO: 124 pCN-},
AIN: 50 pCN-.

Relative permittivities, €7/¢, of ZnO and AIN are 109
and 10.7 (data of Ikeda). For the sssumed transducer di-
mensions, expected voltage sensitivities of ZnO and AIN
sensors are therefore 2.57 and 1.06 mV/N, respeciively.

Temporal response of a piezoelectric transducer, i.e., the
charge decay time, is estimated from the dielectric relax-
ation time 7, given by

TA= p€fo, 1C)

where p is resistivity and (€,,) is the diclectric permittiv-
ity. Thin film piczotransducers, however, exhibit much
Iarger time constants that those predicted by the pe prod-
uct. In thin film piczotransducer structures, film thickness
t is much smaller than the debye length L, and the large
time7oonsunts observed have been attributed 1o the large
Lp.
The calculated charge and voltage sensitivities for the
_thin film ZnO and AIN transducers and the large diclectric
relaxation times possible with thin film piezoelectric trans-
ducers suggests that de cutting force measurements should
be possible with the sensor dimensions envisaged (10
mm X 10 mm X2 um). As the principal cutting force under
commercial cutting conditions can range from JOON to a
few kN, high gain (80-to 100 dB) signal amplifiers would
not be necessary for tool condition monitoring with thin
film piezotransducers.

Since induced accelerations from 10 to 100 g or more
are probable when the cutting force on the tool holder is
removed suddenly by cutting insert fracture, it should be
possible to sense tool fracture in real-time by monitoring
the ac component of the transducer signal in the 1-10 kHz
frequency range (bandwidth of the dominant 100} holder
natural frequencies). The displacement amplitudes antici-
pated from acoustic emission signals are, bowever, very
much smaller, and most probably in the nm range. There-
fore, for the same transducer to function as s force, accel-
eration, and AE transducer, signal conditioning with a
moderate amplifier gain (40-60 dB) would be necessary.

Calculated charge and voltage sensitivities suggest that
both ZnO and AIN thin film sensors can fulfil) the require-
ments for real-time too! condition monitoring. Transducer
films deposited must have a preferred texture, i.c., the poly-
crystalline thin flm transducers deposited must have c-axis
oriented normal 1o substrate surface. Signal sensitivity will
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vary with relative perfection obuined in film texture.
Transducer dc performance will vary with film resistivity
with high resistivity films preferred for best dc perfor-
mance.

{il. PRIOR WORK ON PROOF-OF-PRINCIPLE

A number of materials are available to construct piezo-
electric thin film transducers. They include relatively sim-
ple binary compounds (CdS, CdSe, ZnS, ZnTe, ZnO,
AIN), and more complex ceramic materials (barium titan-
ate, niobates, PZT). Some of these materials are well suited
to implement piezoactive sensors using PVD processes
(PZT, ZnO, AIN). Two of these materials, ZnO and AIN,
can be deposited on a range of substrate materials using
inexpensive metallic targets.

To demonstrate proof-of-principle, ZnO films were f
sputter deposited on diamond-polished, cutting tool grade
WC~6% Co substrates. The c-axis oriented, colorless,
transparent piezofilms (1-1.5 um thick) deposited with an
undoped zinc oxide target (200 mm diam) were covered
with sputtered aluminum contact layers (0.5 um). Photo-
Jithographic techniques were then used to delineate sensor
geometry. Patterned transducers constructed were overlaid
with glass films (0.5 um; e-beam evaporation). An opening
was then made in the glass layer (photolithography and
etching) to acquire signals from the piezoelectric trans-
ducer.

Test stand measurements using an electromagnetic
shaker and a calibrated force transducer showed that sat-
isfactory ZnO-based piczosensors can be implemented on
WC—Co substrates.® Machining tests with instrumented in-
serts demonstrated that real-time tool condition sensing
and fracture detection are both possible with ZnO-based
thin film sensors.” The transducers constructed exhibited
substantial scatter in the measured piczoelectric voltage
constant (g;,=0.022-0.072 V m N~ 17.19-56% of zinc
oxide g;; values calculated with the data tabulated by
Tkeda®) and a large decrease in g;; in the 25 10 110°C
temperature range (~75%-80%).

Bulk temperature rises of 200-300 °C or more are com-
mon in cutting inserts during commercial use in automated
machining systems. Alur"_..m nitride, a covalent-bonded
ceramic with a higher hardness (H,~12.60 GNm~?), a
larger band gap (6 ¢V) and a much higher usable temper-
ature range (1200°C) is therefore a more appropriate
transducer material. Aluminum nitride thin film piezoelec-
tric sensors were hence implemented on carbide cutting
inserts. Performance characteristics of the instrumented in-
serts vary as a function of AIN film deposition conditions.
Work reported here is concerned primarily with this aspect
of sensor fabrication and evaluation of performance char-
acteristics.

V. ALUMINUM NITRIDE SENSOR CONSTRUCTION

Aluminum snitride films can be deposited by f sputter-
ing using an AIN target or by reactive sputtering in an
Ar-N, ambient using an aluminum target. A 1.5 kW,
13.56 MHz rf power supply was used in this work for
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reactive sputtering of AIN from a 200 mm diam, high
purity sluminum target. A diffusion-pumped, 500 mm
diam stainless steel vacuum chamber equipped with a
throttling valve for pressure control was used. Following
throttling, total chamber pressure and nitrogen partial
pressure wer. controlled by varying argon and nitrogen gas
flow rates. MKS Model 0258B flow meters and a capaci-
tance gaze (Baratron Model 370 HA) were used to mon-
itor gas flow rates and chamber pressure. The chamber is
equipped with a substrate carrier which could be heated or
cooled as required. When needed, a2 Leybold Inficon
Quadrex PPC 017450-G1 quadrupole mass spectrometer
was used to monitor chamber partial pressures.

Processing steps involved in substrate preparation be-
fore AIN film deposition are as follows: (a) lap commer-
cia] grade, WC—6% Co cutting tool insert substrates on
cast iron laps using progressively smaller diamond grits till
the substrate surface is “mirror finished” and free from
scratches; (b) acetone clean in an ultrasonic bath for §
min; (c) methanol clean in an ultrasonic bath for § min;
(d) clean with fresh isopropy! alcohol in an ultrasonic bath
for 5 min, (e) DI rinse, N, blow dry and load immediately
into the vacuum chamber. Coating chamber was usually
pumped over night (16-20 b) to obtain base pressure in
the low 10~7 Torr range. Before each coating run, sub-
strates to be coated were preheated to 473 K for 1-2 h at
base pressure.

The target was presputtered for 1 h with a shield in
position. Presputtering and film deposition were carried
out in an Ar-N; ambient. All sputtering operations were
carried out at & chamber pressure in the mTorr range and
cathode power in the 200-900 W range. The matching
network used kept the reflected power below 10 W during
all phases of film deposition. Measured film deposition rate
under the sputtering conditions used was in the 0.2-0.5 um
b~ range. Typical coating runs lasted some 48 h to ob-
tain 2 um thick transducer films. Due to electron and ion
bombardment, substrate temperature tended to rise during
film deposition. A substrate holder temperature control
system was used to select and maintain the desired sub-
strate temperature.

Without breaking vacuum, a 0.6 pm thick aluminum
contact layer was deposited on top of the AIN layer in a
subsequent sputtering run after shutting off gas flows and
reaching a base pressure of less than $X 10~ Torr. This
usually required some 10-16 hour delay between AIN and
Al deposition. Aluminum cathode was presputtered with a
shield in position for 30 min to remove traces of nitrogen-
poisoned layers from the cathode si:rface, and the metal
film was then laid at a chamber pressure of 8 mTorr in a
100% Ar ambient. Film deposition was carried out st a
cathode power of 400 W with substrates maintained at 373
K. Film deposition rate obtained was 1 zm/h. Hence the
electrode layer could be deposited in a 40 min coating run.

Transducer geometry was photo-lithographically delin-
eated by spinning on Shipley S1400-27 photoresist at 3000
rpm for 25 s (1.5 um per spin cycle; 2 cycles for 2.0 um
total resist thickness), soft baking the resist at 363 X for 30
min, exposing the resist with a photomask, and developing
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the resist (5:1 developer-D1 water solution) for 30 s. Fol-
lowing DI rinse and N; blow drying, unwanted
transducer/contsct layer film around the periphery, de-
fined by patterning, was etched off in a {:1 DI:HCl solution
(30 min etch). To encapsulate the transducer, a sol-gel
film of Glassclad PS 233 was spun on at 700 rpm for 20 s
{0.5 um per spin cycle; 3 cycles for 1.5 um total thickness)
and hard baked for 2 h at 573 K. Electrical access to the
aluminum electrode layer was obtained by using a “stop-
of”* before spinning on the sol-gel layer and removing the
stop-off with a solvent.

The completed transducer, thus, has 3 WC-Co sub-
strate which serves as the ground electrode of the piezosen-
sor and a sol-gel film encapsulation layer with a small
opening in it for signal acquisition.

V. SENSOR CHARACTERIZATION AND
EVALUATION

A. Sensor characterization with x-ray peak height
measurements

Performance characteristics of fabricated sensors de-
pend on the piczoelectric properties of the transducer film.
For the t ansducer to be sensitive to the normal forces
applied, the polycrystalline AIN films deposited must have
c-axis oriented normal to the substrate surface. Piezoelec-
tric vcltage sensitivity of the sensor degrades rapidly with
deviation from perfection in the preferred texture. X-ray
diffractometry was used to assess this aspect of film quality
with AIN x-ray peak height (0002 peak at 26=36.04") as
a measure of texture perfection. An x-ray diffractometer
with a copper target operating at a fixed acceleration volt-
age, beam current, detector voltage, and scanning speed
was used. Peak heights (counts) were determined as a
function of sputtering conditions to identify the *“best pro-
cess” for sensor film deposition.

B. Sensor evaluatinn for quasi-static force sensing

When a quasistatic load is applied normal to the AIN
sensor surface, force applied can be determined by measur-
ing the charge output. dc sensitivity of AIN films deposited
on WC—~Co and silicon substrates were determined in an
MTS load frame. A charge amplifier built for use with thin
film transducers (Fastman, Inc., Bethlehem, PA) permit-
ted the measurement of the charge signal generated in re-
sponse to sn applied load. Piezoelectric charge constant
dyy, is determined directly under quasistatic loading con-
ditions.

C. Sensor evaluation for acceleration sensing

The sensitivity of the piezotransducer to low frequency
dynamic signals was determined in a purpose-built test
stand. A PZT disc, 50 mm in diameter (2 in. diam) and 3
mm in thickness (1/8 in.), driven at | kHz was used to
apply a time-dependent force to the instrumented insert
held between the PZT driving crystal and a Kistler Model
912 H Joad cell. Drive signal obtained from a Krohn-Hite
Model 5400 B function generator was used 10 drive a field
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effect transistor (FET) power amplifier which in turmn was
used to excite the PZT driver. Calibrated load cell signal
was amplified with a Kistler Model 5004 charge amplifier.
Unamplified voltage signal from the instrumented insert
and the foad cell signal were simultaneously tracked and
recorded in a digital oscilloscope.

This test provides voltage signal AV generated by the
application of a time-dependent AF force, to denive a “‘gen-
erator coefficient™ G (different from g;;) defined as below.
Let P be the polarization and s the strain in a piezoelectric
material. For a piezoelectric functioning in the generator
mode, G is defined as

G=3P/3s|f Cm3, (5)

where £ is the electric field. Since s=0/E, where E is the
clastic modulus,

G=EdP/do|¢ Cm~2 (6)

Application of an incremental force AF to the piezofilm
generates a change in polarization, i.e, an incremental
charge AQ. Capacitance C of the sensor comprised of the
two electrodes with an intervening layer of a piezoelectric
material with a dielectric constant €, responds to AQ by
exhibiting a change in voltage AV corresponding to AF.
Measured voltage signal AV and excitation AF are related
through the dimensions of the sensor (area 4 and thickness
?) and the properties of the sensor film (¢, and E).

G= (e AE/t)AV/AF Cm™2 N

G value reported is a composite measure of film quality
which includes variations in permittivity accompanying
changes in film deposition conditions, and is based on mea-
sured AV/AF, A, and t, and published® values for ¢, and E.

D. Sensor evaluation for temperature sensitivity of
the transducer

Temperature dependence of AIN sensors was deter-
mined by equipping the test stand with a small button
heater (MINCO H7420115). The test assembly was
heated and allowed to reach thermal equilibrium. Standard
contact thermocouple temperature measurements were
made to determine the instrumented insert/sensor temper-
ature. Generator coefficient G of the transducer as 8 func-
tion of test temperature was then determined over the 298-
473 K temperature range using the procedure described in
the previous paragraph.

E. Sensor evaluation: Bench tests for acoustic
emlssion sensing

Acoustic emission characteristics in the 100500 kHz
frequency range were determine * by using the Hsu lead-
fracture test. A 0.5 mm diam (grade HB) mechanical pen-
cil lead was fractured on the upper surface of the instru-
mented insert or seat senscr. Time-domain signal and
frequency spectra from the AIN insert sensor and a com-
mercial acoustic emission sensor were acquired to compare
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the AE signal sensing characteristics of these two sensors.
The commercial AE sensor was attached to the Jower face
of the too} holder, as shown in Fig. 1(b).

F. Sensor evaluation: Acoustic emission
characteristics in cutting tests

To assess the AE sensing characteristics of the instru-
mented insert ducing metal machining turning tests were
carried out in a numerically controlled lathe. Medium car-
bon steel work pieces were machined at a cutting speed of
3.5 m s~ Feed rates and depth of cut used were 0.23 mm
per revolution and 2 mm, respectively. Signals from the
thin film AIN sensor and a commercial AE sensor (at-
tached to the tool holder as shown in Fig. 1(b)] were
acquired. A 100-500 kHz band-pass filter was used.

VI. RESULTS

A. Effect of process variables on film quality
determined with x-ray peak height measurements

Variations in sputtering conditions, i.c., the coating
pressure, coating ambient, cathode power and substrate
temperature, affect film texture, i.c., sensor film quality.
Peak height determined with x-ray diffraction analysis was
used for process development. Figure 2(a) shows the
(0002) peak from an AIN film deposited on silicon. Peak
profiles obtained by x-ray diffraction scanning 8 WC-Co
insert are shown in Fig. 2(b). A corresponding patiern
from a WC—Co insert covered with rf sputtered aluminum
nitride is shown in Fig. 2(c).

In films deposited with good c-axis orientation, (0002)
planes lie parallel to the substrate surface. The dominant
peaks observed at 26=236.04" in Figs. 2(a) and 2(c) indi-
cate that the ¢ axis of the polycrystalline AIN film is ori-
ented nornmal to the surface of both the silicon wafer and
WC-Co insert. X-ray diffraction trace of the WC-Co sub-
strate, Fig. 2(b) shows a dominant peak at 35.8°, which
makes it difficult to separate the AIN peak at 36.04" from
the 35.8° peak in the WC-Co substrate. This difficulty was
handled by comparing ratio of heights of the two dominant
peaks observed and deriving the increment due to AIN in
the largest peak.

Selected data, from a large number of process develop-
ment runs, demonstrating the influence of sputtering pro-
cess variables on AIN film texture on silicon, is presented
in Table 1. X-ray peak height in counts/second and the
measured G cocfficient are taken to be the primary indics-
tors of transducer film quality.

Transducer elements deposited at 9 mTorr toia! pres-
sure in a 50-50 argon-nitrogen ambient yielded transduc-
ers with the most sensitivity. Intensity of the (0002) peak
observed indicates that these films have good c-axis orien-
tation. Performance of sensor suflered as the N, partial
pressure is reduced, presumably due to loss of stoichiom-
etry. It was noted that the resistivity of the film produced
also decreased with a decrease in N, partial pressure, im-
plying deposition of a metal rich film. Depositions made at
s lower total gas pressure exhidited reduced piezoelectric
sensitivity. Possible reasons for this were not examined.
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FIG. 2. (a) X-ray diffrsctometer trace from AIN on silicon showing the
(0002) peak demonstrating c-axis orientation of the AIN flm. Copper Ka
radistion with a wave length 1= 1.542 A. (b) X-ray diffractometer trace
from 3 WC-Co cutting insert. Dominant peak at 26=35.8" is close to
AIN (C02) peak. Copper Ka radistion. (¢) X-ray diffiractometer trace
from AIN film on 8 WC-Co cutting insert. Substrate peak at 20=35.8°
overlaps AIN (0002) peak at 28 36.04° copper Ka radiation.

Increasing the total gas pressure tended to reduce film dep-
osition rate, without improving filc- quality. Based on the
results from parametric studies, all subsequent film depo-
sitions were made at 8 total system press:re of 9 mTorr in
a 50:50 argon—nitrogen chamber ambient. Transducers fab-
ricated exhibited sensor resistance in the high megaohm
range implying minimum film resistivity in the 10’ @ m™!
range.

Substrate preheating is required to obtain well-oriented
polycrystalline films. Maintaining & stable temperature
during film deposition tended to yield higher quality sen-
sors, Substrate temperature control during sputtering re-
quired substrate holder cooling to maintain a constant tem-




S R R EEEE—

. 2442

2Znheng of si: Aluminum nitride thin film sensor

2442

TASLE 1. Measured aluminum nitride film charscteristics as a function of sputtering conditions.

——r

Run Tempersture  Power Pressure 0002 pesk (x ray) G coefficient

No. (K) (W) (mTorr) (cps. AIN on silicon) {C m~? on silicon)
901021 m 900 10;(40%A1/60%N,) «< 100 <0.08
901102 563 900 10,(60%Ar/40%N;) 1700 0.33
901025 543 900 10;(50%As/50%N;) 1020 o
901023 503 900 10,(50%Ar/50%N;) < 100 <0.10
901105 56) 00 10,(30%A1/50%N;,) 2250 0.39
901101 $63 650 8,(50%A1/50%N;) 650 0.24
910713 548 _650 9,(50%Ar/50%N;) 3500 0.40
920211 333 650 9.(50%Ar/50%N,) 6000 0.43

perature. Effect of substrate temperature was explored by
film deposition at 498, 523, 548, 573, and 598 K. Films
sputtered at lower temperatures (7 <523 K) showed
poorer (0002) orientation. Higher substrate temperature
(T > 573 K) during film deposition did not yield any im-
provement in film orientation. All subsequent film deposi-
tion runs were made at 553 K with a cathode power of 650
w.

Oxygen level in the vacuum background was found to
have a significant effect on film orientation (oxygen back-
ground at base pressure was monitored with the mass an-
alyzer). Residual oxygen tends to form ALO; in the early
stages of film growth and apparently prevents the AIN
crystallites from growing with the desired, oriented micro-
structure. In several sputtering runs, even under the opti-
mum sputtering conditions, good quality films could not be
made because of leak or poor vacuum background. Partic-
ular care was exercised to assure low oxygen background
before AIN film deposition.

Sputtering conditions identified in this section were de-
termined from a large number film deposition runs carried
out to identify the best processing conditions to obtain
*good’ transducer characteristics on silicon. The same film
deposition conditions yielded good quality transducers on
WC-Co substrates as well.

B. AIN plezoelectric fiim response In quasistatic
loading tests

Measured transducer sensitivity under quasistatic load-
ing conditions in the MTS load frame in one of the trans-
ducers constructed is dy;=3.16 pCN~! for 2 um thick
AIN film deposited on silicon. A transducer constructed on
a WC-Co substrate under identical film deposition condi-
tions exhibited a sensitivity of d;3=1.67 pC N, In both
cases the transducers exhibit excellent linearity, as may be
scen from Figs. 3(a) and 3(b). Measured piezoelectric
charge coefficients dy; are smaller than those expected from
bulk values for AIN (d;;=5.00 pCN~") reported by
Ikeda ¢

C. AN thin flim sensor response In low frequency
excitation tests and process reproducibliity

Process reproducibility, i.e., process yield, is fairly high.
This is shown by the transducer response in the more easily
carried out ac excitation tests at 1 kHz. Measured genera-

J. Vac. Scl. Technol A, Vol. 11, Na. 5, Sep/Oct 1993

tor coefficients G from six representative test samples con-
structed on silicon and on WC~Co substrates are presented
in Table II. As observed in quasistatic loading tests, trans-
ducers constructed on WC-Co are less sensitive than those
constructed on silicon substrates. Excitation signal used
and the transducer response observed in the time domain
are shown in Fig. 4(b). Good linearity was observed in all
samples evaluated.

D. AIN thin film sensor response to substrate
temperature rise

Since cutting inserts are subjected to temperature rise of
200 °C or more during machining, loss of transducer sen-
sitivity with increase in substrate temperature can limit the

Charge output (pC)

) o 20 490 80 [ 1) 100 120
2 .
( Load applied (N)

- ¥ e v T T T R

Charge output (pC)
o

]

AN on WC-Co

A ) . PR

L
° 500 1000 1500 2,000
o) Load appled (N)

1 e
2500  J.000

F16. 3. Test results for quasistatic force calibration of aluminum nitride
thin film sensors in an MTS load frame. Data from AIN on silicon and
AIN on WC-Co substrates are shown.
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TABLE Il Measured charscteristics of AIN thin film sensors on Si and WC-Co (1 kHz).
P

AIN on silicon 5 s, s, S, S, S,
G(Cm™Y) 0.40 0.43 0.37 040 042 0.33
C (aF) 29 2n a1 203 2.16 1.84
&y (PC/N) an 3.65 R} 339 3.56 2.80
& (MVaN~') 49 39 n 3 3 3
AN on WC-Co W, w, W, W, W, w,
G (Cm™Y) 0.20 0.26 020 0.24 .18 0.18
C (aF) 502 496 498 5.16 5.01 498
dy (PCN-Y 179 218 1 2.0 192 1.56
g (@Vam N~ 19 u 18 2 16 17
==

usefulness of the instrumented insert. To determine trans-
ducer temperature sensitivity, G coefficient was measured
at 1 kHz, in the purpose-built test stand with the heater
power turned on. Results obtained are shown in Fig. §.
Over 40% decrease in G coefficient is observed in AIN
sensors constructed on silicon wafers in the 300475 K
temperature range. Over the same temperature range, the
transducers constructed on WC-Co substrates exhibit a

Preload screw
J
\ ouT
- !l‘ﬂ';dl.j
Drive signat Pﬂlb'*"'
Eteciiode
[}
Load cell signal out Load call
rTJL ]
(8) T
24 - T ——
Sensor oviput { & \0 mvu-)
§ u
g o8 p
g 00
} -Ol (oo \/ \/
5
E ol
24 b, N S
° 20 120

Time (ms)

FIG. 4. (a) Schematic of the test stand used for ac calibration of thin film
sensors at | kHz excitation test frequency. To measure the generator
coefficient as a function of transducer temperature, & button heater is
clamped between the test element and the prelosd assembly. (b) Drive
signal used for excitation and the sensor response from a typical test run.
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loss of sensitivity of about 25%. Measured piezo charac-
teristics suggest that aluminum nitride sensors posses use-
ful sensitivity at temperatures likely under commercial ma-
chining conditions.

E. Sensor response for acoustic emission sensing:
8ench top tests

Time domain signals obtained from the Hsu-
Breckenberry test'® are shown in Fig. 6. Signals from the
thin film AIN sensor [Fig. 6(a)] compare favorably with
those obtained simultaneously with PAC Model Nano 30
AE transducer [Fig. 6(b)]. Both signals were band pass
filtered (100-500 kHz band). The same signals are shown
in the frequency domain in Fig. 7. All the principal fre-
quencies detected by the commercial AE transducer are
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FIG. 5. Measured tempersture dependence of the generator coefficient.
(2) Aluminum nitride on silicon substrate. (b) Aluminum nitride on
WC-Co subsirate.
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RG. 6. Time domain signals detected by (a) the AN thin film sensor on
WC-Co cutting insert and (b) 8 commercial AE sensor attached to the
too! holder as shown in Fig. 1. Mechanical pencil lead fracture test of Hsu
(see the text for details). Signal from the AE transducer lags by s time
corresponding to the distance between the thin film sensor and the AE
transducer. Frequency content appears comparable.

detected by the thin film sensor. An additional peak close
to the dominant peak at 100 kHz is also detected by the
AIN sensor. It should be noted that while the commercial
AE sensor contains a piezoelectric crystal and a backing
plate, the AIN sensor is in a clamped condition with the
insert holding finger exerting a compressive preload. De-
spite this, AIN sensors faithfully detect the AE signals
originating from graphite rod fracture (0.5 mm diam; HB
grade).

F. Sensor response for acoustic emiasion sensing:
Machining tests

Band pass filtered (70-300 kHz) time domain signals
obtained during machining are presented as frequency do-
maein signals in Fig. 8. Every peak sensed by the commer-
cial AE sensor is also sensed by the thin AIN film sensor.
The richer frequency content of the thin film sensor sug-
gests that the sensors constructed on the cutting insert may
have a lower damping. Despite the difference in transducer
boundary conditions, the thin film AIN sensors perform as
well as commercial AE sensors during machining.

VIi. DISCUSSION

Film deposition conditions appropriate to deposit piezo-
electrically active AIN sensors have been identified in this

dJ. Vac. Scl. Technol. A, Vol. 11, No. §, Sep/Oct 1993
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F16. 1. Frequency domain signals detected by (a) the AIN thin &im
sensor on WC-Co cutting insert (b) a commercial AE sensor attached to
the tool holder as shown in Fig. 1. Signals were band pass fiftered (100-
500 kHz). Mechanical percil lead fracture test of Hsu (see the text for
details). Frequency content is virtually identical. Source of the dominant
peak just above 100 kHz observed in the signal from AIN on WC-Co
insert has not been identified.

work with a group of parametric studies. It is shown that
high resistivity films can be reproducibly deposited on sil-
icon wafers as well as WC-Co substrates by tf sputtering in
a reactive ambient containing 50% argon and S0% nitro-
gen. Substrate heating is necessary to make transducer e¢l-
ements with good sensitivity. Presence of oxygen in the
coating ambient is detrimental.

Piezoelectric charge coefficients (dy;) obtained in the
transducers deposited on Si and WC-Co substrates are ap-
proximately 60% and 35% of the nominal value calculated
from published data for AIN. Values reported are based on
calculation of charge coefficients using a simple uniaxial
loading model which ignores the strains induced in the film
by substrate deformation in transverse directions. An ex-
pression can be written to calculate charge sensitivity
which takes the Poisson expansion into sccount. Lower
charge generation would be predicted as Poisson strains
would tend to partially cancel the charge generated on the
transducer surface by the compressive force.

Poisson expansion in lateral dimensions, proportional to
the stress applied and vy, Will require continuity of
displacements at the film-substrate interface in transducer
films well bonded to the substrates. An unknown, nonuni-
form, biaxial tensile stress distribution will be generated in
the transducer film when the substrate expands laterally in

[}
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F1G. 8. (a) AE frequency spectrs obtained from s machining test using 8
cutting insert equipped with the AIN thin film sensor. (b) AE frequency
spectra obtained from the same machining test using s commercial AE
transducer attached to the tool holder as shown in Fig. 1. Band pass
filtered signals (70-300 kHz). Every peak detected by the commercial AE
sensir is also detected by the AIN thin film sensor. See the text for details
of cutting conditions.

response to compressive loading in the .hickness direction.

The transducer-substrate assembly is clamped in posi-
tion in the tool holder during use or placed on a metal
platen during calibration measurements under compressive
loading. In both cases unknown restraints to changes in
lateral dimensions are introduced by friction. To avoid the
uncertainties involved in estimating the actual lsteral re-
straints a simpler model, used originally by White," is
employed here. A part of the discrepancy in calculated
charge coefficients may be due to transverse sirains not
taken into account here.

Sputtered films are generally stressed and the film
stresses vary with deposition conditions. Moreover, when
film deposition is carried out on heated substrate holders,
finite cooling stresses occur in the transducers deposited.
Expected thermal stress o is

or=Efa;—a)AT/(1-v,), (8)

where E,is the Young’s modulus of the film, a,and a, are
the CTEs of the film and substrate, AT is the deposition
temperature minus room temperature, and v, is the Pois-
son’s ratio of the substrate. As the transducer and the sub-
strate are both hard compounds (H,=12.30 and 23.50
GN m~?, respectively, for AIN and WC-Co'?) and high
modulus materials (330 and 720 GPa'?), the “as sput-
tered” films are expected to be stressed. Since the melting
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temperatures of the transducer and substrate materials are
both high (2250 and 2776 °C"), very little change in film
stress would be expected from “aging”. These unknown
film stresses further justify the one dimensional model used
to calculate dy;.

Aluminum nitride has been deposited here at low tem-
peratures, i.e., T/Typ of the order of 0.20, where colum-
nar crystallite growth is normal in sputtered films. Films
laid at low temperatures are known to be prone to
self-shadowing'® with porosity along the columnar crystal-
lite boundaries."*'* Films produced under these conditions
are likely to have a distribution in crystallite orientations
around a mean and are unlikely to be fully dense. These
phenomena also tend to lower the charge coefficient.'®

The discrepancy in calculated charge coefficients has a
pumber of contributing factors which include unknown
spplied and intrinsic in-plane strains (stresses), deviation
from perfection in texture generated, columnar structure
and 8 level of porosity accepted to construct thin film
transducers at Jow temperatures.

The generator coefficient G is found to decreases as a
function of transducer temperature, as shown in Fig. 5.
Decrease in G is larger for AIN on Si than for AIN on
WC-Co. As the Si-AIN composite changes dimensions
more rapidly with temperature (larger difference in coeffi-
cient of thermal expansion) than for AIN-WC-Co com-
posite (a, is 4.5 pmm~'K~'V for AIN, aq, is 2.8
pmm~'K-'" for Si and a, for WC6% Co is 5.0
pumm~'K-'Y), a larger loss in charge sensitivity would
be expected for the same temperature rise AT, if larger
in-plane stresses (and therefore strains) lead to larger
charge displacements in AIN films. This is, in fact, ob-
served. It is therefore reasonable to suggests that the larger
reduction in charge sensitivity for AIN on Si is due to
larger transverse stresses [stresses can be calculated with
Eq. (8)] imposed by silicon on AIN films. Tungsten car-
bide and aluminum nitride have a better match in CTE. A
smaller reduction in generator coefficient follows for AIN
on WC-Co with increase in temperature.

Transducers constructed provide dc signals in quasi-
static loading. Sensor response to low and high frequency
excitations demonstrate that useful instrumented inserts
with piezotransducers can be constructed. This is con-
firmed by bench top tests as well as machining tests in
which the transducer-substrate assembly is subjected to
temperature rise by the power dissipated during metal ma-
chining.

Both ZnO and AIN perform satisfactorily in machining.
However, the higher hardness of AIN (H, of ZnO¥ is 4.0
GN m™?), its modest decrease in charge coefficient with
increase in temperature due to 2 better match in CTE and
the much higher useful temperature limit, 1200 °C,*! sug-
gest that AIN is a better transducer material than ZnO.

Viil. SUMMARY AND CONCLUSIONS

Piezoclectric thin film sensors for force, accelerstion,
and acoustic emission sensing based on sputtered AIN
films have been developed. AIN thin film sensors are fab-
ricated directly on WC-Co substrates in a reactive ambi-
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ent. Film deposition conditions to reproducibly construct
this class of sensors have been determined through para-
metric studies. Good c-axis orientation is readily obtained
to construct AIN thin film sensors sensitive to normal
forces on both silicon and WC-Co substrates by f sput-
tering.

Sensors constructed exkibit good sensitivity, linear sig-
nal response and a large bandwidth. AIN films deposited
also have sufficiently high resistivity to allow force sensing
under quasistatic loading conditions. Satisfactory acceler-
ation and AE sensing characteristics are obtained with f
sputtered AIN films laid on WC-Co substrates.

Unlike ZnO sensors, AIN sensors deposited on WC-Co
substrates do not exhibit large losses in signal sensitivity
with increase in tool temperature. This is due to 8 much
better match in CTE for AIN films on WC-Co cutting
inserts. Force, acceleration as well as acoustic emission
signals can be tracked in real time to implement single
parameter or more robust multiparameter tool condition
monitoring systems to asutomate machining.

Cutting inserts with integral sensors have been evalu-
ated in cutting tests in a computerized lathe. Machining
conditions used were comparable to those employed in
commercial cutting practice. Instrumented inserts perform
satisfactorily in laboratory tests. Field trials carried out
indicate that the sensor-equipped inserts are suitable for
real-time tool condition sensing under commercial machin-
ing conditions.

Trials have also been carried out in which the sensor
was constructed on WC-Co tool seats (see Fig. 1) as op-
posed to cutting inserts. Although the thin film sensor is
now some 3-5 mm farther away from the cutting edge, seat
sensors do not exhibit significant signal losses and have
been found to be satisfactory for real-time tool condition
sensing. Usable life of up to two days (six 8-h shifts) has
been obtained with seat sensors. Seat sensors with life up to
two weeks (30 shifts) are, however, preferred for industrial
use. Future work on improving transducer durability may
be necessary, when sensors are implemented in tool seats.

When sensors are implemented in cutting inserts, there
could be 8 need for an in-tool temperature sensor to com-
pensate for the changes in AIN transducer sensitivity with
changes in cutting insert temperature. This assumes a tool
condition monitoring system based on absolute signal val-
ues rather than relative changes. However, when the sensor

J. Vac. Scl. Technol. A, Vol. 11, No. §, Sep/Oct 1993

is implemented in tool seats, the transducer is farther away
from the cutting edge. Thermal effects are then less signif-
icant. A temperature sensor is therefore unnecessary when
the thin film transducer is implemented in seat sensors.
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Adiabatic Shear Localization in a
Liquid Lubricant Under Pressure

Experimental tests with a high-pressure flow visualization cell clearly reveal that the
shear deformation in a lubricant film at elevated pressures can localize by a mech-
anism vastly different from previously reported mechanically-induced shear bands.
Verification by numerical solution of the energy equation shows that for a stress-
controlled experiment, provided that the Brinkman number is sufficiently large, the

local temperature experiences a rapid rise. The rapid rise of temperature along with

Michael Khonsari

Department of Mechanical Engineering,
University ot Pittsburgh,

Pittsburgh, PA 15261

the local rate of shear favors an unstable temperature profile. The research provides
valuable insight into the behavior of lubricants under extreme conditions since this
phenomenon may be operating in the thermally dominated regime of ERD traction.
Furthermore, the fact that the hot shear band is isolated from the metal boundaries
by a cooler liquid, may confound recent attempts to infer the shear stress distribution

inaconcentrated contact from IR temperature measurement of the metal temperature

distribution.

Introduction

The shear characterization of the thin high-pressure lubri-
cant films in concentrated contact has been a challenge for at
least three decades. The shear rheology of the liquid under
clastohydrodynamic conditions displays several unique and
interesting features: shear thinning is observed—even in rel-
atively low molecular weight liquids (Bair and Winer, 1993).
The response may be elastic for small strains (Barlow et al.,
1972). The liquid may undergo a glass transition (Alsaad et
al., 1978) and display essentially rate-independent behavior at
a shear stress which is approximately proportional to pressure
at high pressure (Bair and Winer, 1992a, 1979).

Recent experiments have revealed that the rate-independent
behavior observed in high-pressure rheometers and disc ma-
chines results from intermittent slip within the liquid film along
planes inclined to the principal shear direction, consistent with
the Mohr-Coulomb failure criterion applied to an elastic liquid.
Similar shear bands are observed during rate-insensitive de-
formation of amorphous polymers. These shear bands have
been observed in a high-pressure flow visualization cell (Bair
et al., 1992a, 1992b) and there is evidence that they exist in
an operating EHD contact (Bair et al., 1992¢). It, therefore,
appears that continued development of rheological equations
of state which consider the isothermal shear deformation to
be homogeneous are not likely to result in significant advances
in the field. A very different type of shear localization is the
subject of this paper. We present the experimental observation
and numerical simulation of a thermally driven localization
similar to the *‘adiabatic shear bands'* found during high rate
deformation of metals (Bai and Dodd, 1992). We have adopted

Contributed by the Tribology Division of THE AKEMICAN SOCIETY OF ME.
CHANICAL ENGINEERS for presentation st the STLE/ASME Tribology Confer-
ence, New Orleans, La., October 24-27, 1993. Manuscript received by the
Tribology Division, January 29, 1993; revised manuscript received June 28,
1993. Paper No. 93-Trib-29. Associate Technical Editor: M. Godet.

Copies will be available until March 28, 1998.

the term ‘‘adiabatic’’ from the usage in plasticity literature,
although the term is not strictly correct.

Background

In 1967, Plint recognized that the inhomogeneous shear in
an elastohydrodynamic film which ex_zts - “ue to viscous heating
might localize at or near the mid-plane where the temperature
is greatest. If the shear stress, r, is uniform across the film,
the viscous dissipation will be approximately exponential with
temperature. The lubricating film is generally a poor thermal
conductor. Therefore, as the temperature, T, rises locally the
dissipation which generates the temperature field rises rapidly
with the local rate of shear, 4, and conditions favor an unstable
temperature profile.

The parameter which characterizes the thermal behavior of
liquid films in plane Couette shear is the dimensionless Brink-
man number (also known as Griffith or Nahme number)

2
Bﬁﬂ 1)
“ok .
where A is the thickness of the film, po is the initiai viscosity
at T = Ty, k is the thermal conductivity of the liquid, and 8
is the temperature-viscosity coefficient

f=—— @

Winter (1977) using time-temperature superposition showed
that a generalized temperature-viscosity coefficient can be ob-
tained by multiplying 8 by the strain-rate sensitivity coefficient,
dlnr/diny. It has been long recognized in the rheology literature
that a low value of B, is a necessary condition to avoid the
influence of viscous heating in continuous shear viscosity meas-
urement (Walters, 1975). However, the significance of the
Brinkman number is not well recognized in tribology. The
Brinkman number appears as the coefficient of the dissipation

Discussion on this paper will be accepted at ASME Headquarters until December 20, 1993
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Fig.1 Flow visualization configuration (illumination through lower win-
dow)

term in the dimensionless energy equation and its value rep-
resents the degree of coupling between the energy and mo-
mentum equations (Winter, 1977 and Tanner, 1985). A form
of B, was used by Khonsari and Wang (1991) to analyze journal
bearings. A steady-state solution to the energy equation exists
for B, < 3.51 when the temperature-viscosity function is ex-
ponential (Poehlein, 1968) and for B, < x* when the viscosity
varies linearly with temperature (Winter, 1971). Experimental
investigations of lubricant constitutive behavior for EHD con-
ditions which may be regarded as isothermal are performed at
B, < .3 in high pressure rheometers (Bair and Winer, 1990
and 1993) and disc machines (Evans and Johnson, 1986). Ther-
mal localization phenomena are expected to manifest at large
{>3.51) values of B,.

Experiment

The High-Pressure Flow Visualization Cell has been de-
scribed in detail elsewhere (Bair et al., 1992b). This device is
shown schematically in Fig. 1. The liquid lubricant sample is
sheared in the gap between a flat on 2 moving shaft and the
end of a stationary shaft. The gap is illuminated and viewed
in a direction perpendicular to the direction of motion and
parallel to the plane of the bounding surfaces. The moving
shaft is pushed/pulled by a gas actuated piston and this shaft
must pass through high-pressure closure seals. Motion is not
continuous reciprocation, but unidirectional for a given run.

For a shear rheological measurement during which rheo-
logical properties vary with time, one would choose to design
the experiment following one of two idealizations (Tanner,
1985): 1. rate (of strain) control where the relative velocity is
kept constant, or 2. force (stress) control where the average
shear stress is imposed as constant. Whereas, it is known that
rate control will not yield thermal runaway (Tanner, 1985),
we intend to show that in a stress-controlled experiment lo-
calization can indeed take place. The device shown (a constant
actuating gas pressure applied to the piston) would be ideal
for force controlled experiments; however, there exists some
friction in the high-pressure seals, which is known to have a
viscous component.

The liquid lubricant chosen for this study is the five-ring
polyphenyl ether, SP4E for which there is probably the most
high pressure property data available. The thermal properties,
k = 0.15W/m*C and oC = 1.85 MJ/m’*C, of Richmond et
al. (1984) and the rheological properties of Yasutomi et al,
(1984) and Bair and Winer (1992a) were used. Refractive index
was measured in a high pressure refractometer described by

2

230 ms

330 ms

5P4E,22C INITIAL TEMP, 172 MPa

Fig. 2 Visualizstion of an adiabatic shear bond. Time is elapsed from
start to shear.

Bair (1993). In addition, the properties of this material have
a great sensitivity to pressure so that, at relatively low pressuse,
behavior is observed which is representative of many materials
at much greater pressure.

Regulated compressed nitrogen gas was applied to the left
side of the piston in Fig. 1 with sufficient pressure (3 MPa)
to develop an initial velocity of 0.7S mm/s. The sample pressure
was 172 MPa and the initial temperature 22°C yielding a vis-
cosity o = 3 MPaes and 8 = 0.6°C~'. Although the piston
force was constant, the force contributed by the seals increased
with sliding velocity so that the average stress applied at the
shearing gap decreased with velocity (and time). A standard
(30 frames/second) video camera recorded the video prints
shown in time sequence in Fig. 2. The lower black object is
the stationary boundary and the upper is the moving (left to
right) boundary. The gap or clearance is 150 um, and 7 is
obtained from the product of initial viscosity and the initial
rate of shear, to give B, = 6.75. The central one-third of the
length (in the flow direction) is captured in each print.

The velocity history is shown by the points in Fig. 3—ob.
tained by differentiating the signal from an LVDT on the
moving shaft. Past 210 ms the velocity exceeded the measure-
ment capability.

A striking feature in the sequence of images in Fig. 2 is the
abrupt appearance of a dark band within the liquid film at
260 ms. In the previous frame at 230 ms the band is absent.
However the interior of the film has begun to darken. In less
than 30 ms a dark band has appeared. This feature faded and
disappeared within 10s after the interruption of shear. We show
in the next section that the dark band is consistent with the
appearance of a hot liquid layer surrounded by cooler liquid.
Light transmitted through the film should be refracted from

Transactions of the ASME




a hot region to cool regions. Effectively, two cool, viscous
liquid films are sliding against a hot low viscosity film. The
curvature of the band is apparently due to cool liquid being
drawn into the shear gap by the moving shaft at the upper left
of the prints in Fig. 2. That the band which suddenly appears
represents shear localization will be shown by the analysis
which follows.

Thermal Analysis of Plane Couette Shear Under Stress-
Controlled Conditions
The statement of the conservation of energy translates into
the following commonly known as the energy equation
DT
b, o (kT;);+ o, €))
where the left member of the above equation represents the

energy transport by conve.tion with D/Dt represeniing the
material derivative and pc,, the volume heat capacity. The first

For the geometry under consideration, ti:e energy equation
reduces to

ar | ¥T
¢, —=k—5+9¢, 4
PCp a1 ayz ¢ (4)
where y is the coordinate normal to the direction of motion
in the direction of the film thickness.
If the Newtonian assumption is adopted, the viscous dissi-
pation term becomes
2
==, )
B
where the viscosity, u, varies exponentially with temperature
(for small T — T,) prescribed as

“=M-G(T-T0)_ (6)

The dimensionless form of the Eq. (4) for a stress-controlled
experiment takes on the form given below

term on the right denotes the energy transfer by conduction 18T 3T 7
followed by the viscous dissipation term which is ;—; §=};},—Tz‘"’B’e ’ Y
¢=1y where Fy is the dimensiontess Fourier number defined as
k t,
Fp=—2
pcp R
20 L P
2 d and
£ ¢ y
N T=(T-TyB, 1=—, i=;.
- fab
§ In defining the Fourier number above, the parameter f,, rep-
2o} ¢ resents an observation time.
- Equation (7) was treated numerically using a marching tech-
< nique. The initial and boundary conditions are maintained at
3 7 = 0. Tne time history of the temperature distribution across
. the film is presented in Fig. 4 for B, = 6.75. As shown, tem-
/ - perature rapidly rises in the center of the film at about 0.06s
o - . , } X and becomes untounded when ¢ > 0.062s. The existence of
0 0.1 0.2 0.3 hot certer teinperature surrounded by cooler liquid is indicative
ELAPSED TIME/s of the onset o localization. This is also apparent in the velocity
Fig.3 Veloclty history profile at ¢ = J.062s shown in Fig. 4.
- b4 =0 te 30 me 1 >80 me =02me
¥
it
e,
5.
S.
‘c.n DETRIR Y] 9620 40 48 20 we PN 40 o8 1B e IITEIET l..ll.-o‘:::..
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I>: r =0 t= 30 ms n-uj t= 62 me
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Fig. 4 Analytical results for 8, = 8.75
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Optical Ray Tracing

It seems reasonable that the last temperature profile of Fig.
4 would result in the appearance of a dark band at the mid-
plane. However, a calculation is in order, to show that the
dark band accompanies localization and that the band will not
appear earlier. The previous thermal analysis yielded temper-
atures at fifty equally spaced grid points within the liquid film.
We assume that the temperature is uniform within strata cen-
tered at these points. Sources of light are placed at each grid
point across the film at one edge of the liquid film where
illumination enters. Forty rays originate from each source,
equally distributed over an angular interval of *0.05 radian
from the centerline of the stratum. Where a ray intersects the
boundary between strata, Snell’s Law is applied. Contact with
a solid boundary surface absorbs a ray.

The refractive index, ng, of the liquid at the test pressure
and initial temperature, T,, was measured in a high-pressure
refractometer (Bair, 1993). The Lorenz-Lorentz equation can
be manipulated to yield an expression for the refractive index,
n, at other temperatures through the liquid density, p. The
Lorenz-Lorentz equation (Poulter et al., 1932) reads

n-11_ .

s p constan
The thermal expansivity of the liquid lubricant was supplied
by the manufacturer and corrected for elevated pressure from
the results of Yasutomi et al. (1984).

The number of rays exiting the film gap within a stratum is
considered a measure of the relative light transmission at the
grid point associated with that stratum. These values are pliot-
ted in Fig. 4. It is clear that the dark band for which there is
relatively little light transmission is not present at 60 ms but
is fully developed at 62 ms and although it is a direct conse-
quence of the temperature profile the band is associated with
the extreme localization of shear as indicated by the velocity
profile of Fig. 4.

Discussion

Clearly, the dark band observed in the flow visualization
experiment is due to a thin hot layer of liquid sandwiched
between two cooler layers. This hot layer represents a region
where the shear deformation is localized. The greatest part of
the relative velocity is accommodated within a small fraction
(~ S percent) of the film thickness. Notably, the localization
occurs at shorter times than observed in experiments. We be-
lieve that this is due in most part to the inability of the ex-
perimental technique to achieve true stress control stemming
from viscous seal friction which increases with sliding velocity
and decreases with time of sliding or temperature.

The one-dimensional analysis presented here forces sym-
metry about the center of the film. The experimental geometry
is finite in length in the flow direction with an inlet (o the left
in Fig. 2. The adiabatic shear band near the entrance is there-
fore displaced toward the hotter stationary boundary at the
bottom of each print in Fig. 2 by the cooler liquid convected
into the gap by the upper moving boundary. This accounts for
the curvature of the band pictured in Fig. 2.

Lubricant resident times in EHD are typically about 1 ms
or much less. In this simulation, localization occurs at longer
times—on the order of 100 ms. However, in the dimensionless
energy Eq. (7), time is scaled by #*pC,/k. The film thickness,
A, is at least 100 times thinner for a lubricated contact. Hence,
the localization time would be of the order of 10 us which is
in the realm of EHD.

Conclusions
The shear deformation in a lubricant film at elevated pres-

sure can localize by a mechanism vastly different from pre-
viously reported mechanically induced shear bands. Ina manner
suggested by Plint (1967) and observed during high rate form-
ing in metals, a shear band can form in liquid lubricants which
possess a low thermal conductivity and a viscosity which falls
exponentially with temperature. If the shear stress is uniform
across the film, the dissipation will vary exponentially with
temperature. Then as the temperature rises locally, the dissi-
pation which generates the temperature rises rapidly with the
local rate of shear and conditions favor an unstable temper-
ature profile if the Brinkman number is sufficiently large. This
phenomenon may be operating in the thermally dominated
regime of EHD traction. Additionally, if the hot shear band
is isolated from the metal boundaries by cooler liquid, this
may confound recent attempts to infer the shear stress distri-
bution in concentrated contact from IR temperature meas-
urement of the metal temperature distribution.
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A High Pressure Flow Visualization Cell has been designed and constructed to
perform a fundamental investigation of the deformation behavior of liquid lubricants
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under lubricated concentrated contact conditions. A pressure of 0.3 GPa and a shear
stress between parallel plates of about 25 MPa has been demonstrated. Time averaged

velocity profiles show no continuous slip either in the bulk or at walls. Localized
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slip at shear bands inclined to the walls was demonstrated to occur during nonlinear
shear response. The number of shear bands increases with shear rate (and shear
siress) from as few as one at the onset of non-Newtonian flow until the shear region
is essentially filled with bards with a spatial periodicity of 7 um. Bands are typically

inclined 19 deg off the solid surfaces in a direction which reduces the compressive
normal stress due to shear on the plane of the band.

1 Introduction

The nature of traction behavior in the elastohydrodynamic
(EHD) lubrication of concentrated contacts has been a vexing
problem that has plagued researchers for years. Linear New-
tonian behavior fails spectacularly in predicting EHD frictional
traction. The fact that traction in EHD seldom exceeds one-
tenth of the average pressure and that this could not be ex-
plained in terms of a Newtonian viscous fluid led Smith (1959)
to propose a limiting shear stress for the lubricant. That is,
that the Jubricant flows as a plastic solid at some shear stress
which varies with temperature and pressure. This concept has
been supported by numerous primary high-pressure measure-
ments (Bair and Winer, 1979 and 1990, and Ramesh and Clif-
ton, 1987).

The transition from linear Newtonian behavior to rate-in-
dependent (plastic) behavior is illustrated by the steady shear
flow curves in Fig. 1. Here, the logarithm of shear stress, 7,
is plotted versus logarithm of shear rate, ¥, for a polyphenyl
ether (SP4E) and a mineral oil (N1). Shear stress is observed
to increase first in proportion to shear rate (Newtonian)—then
a nonlinear transition region occurs—followed by continuous
shearing at a limiting stress, r,. This limiting stress is approx-
imately proportional to pressure. The data for the lowest pres-
sure of Fig. | marked with (x) represent measurements with a
new rofating concentric cylinder rheometer with greatly re-
duced instrument response time compared with results previ-
ously reported (Bair and Winer, 1990). These data confirm
that the observed behavior is independent of time of shear.
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An empirical law has been proposed, which in its simplest form
is written
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Elastic effects are observed for transient loading in shear
(Bair and Winer, 1979). The recoverable elastic strain is typ-
ically 0.02 to 0.03. Because the glass transition temperature
increases with pressure, many liquid lubricants are below the
glass transition temperature in concentrated contact (Alsaad
et al, 1978). In Fig. 1, p is the ratio of pressure to glass
transition pressure.

As of this time the limiting shear stress concept lacks a firm
theoretical foundation. Evans and Johnson (1986) proposed a
mechanism by which the nonlinear transition is attributed to
the thermal activation model of Eyring and the rate-inde-
pendent behavior is explained by shear bands as occur in the
deformation of solid polymers. Bair and Winer (1990) showed
that the dislocation model of Gilman (1975) for amorphous
metals predicts the pressure dependence of the limiting stress.
Many have suggested wall slip and Kaneta et al. (1990) have
presented an inconclusive argument based on EHD film thick-
ness observations to support wall slip.

It is the objective of this paper to present a fundamental
investigation of the shear deformation of liquid lubricant films
at high-pressure to elucidate the flow mechanisms which pro-
duce the observed rheological behavior. Toward this end, flow
visualization experiments have been designed and conducted.

2 Experimental

2.1 Technique. In order to visualize the shear deforma-
tion of liquid lubricant films at elevated pressure, a 1est cell
must shear a liguid sample in such a manner that the sample
may be illuminated and local displacements or velocities be
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Fig. 1 The transition trom Newtonian to plastic flow for various di-
mensioniess pressures. v is shear stress and § shear rate.

Fig.2 Flow visuslization configuration (illumination through lower win-
dow)

viewed and measured. To simplify interpretation of resuits,
the parallel plate viscometer configuration was selected. A
schematic drawing of the flow visualization configuration is
given in Fig. 2. The liquid sample is sheared between the end
of a stationary shaft (pin) and a flat on the side of a moving
shaft. The moving shaft translates axially. Illumination and
viewing are at right-angles to the axes of both shafts.

Two techniques for flow velocity measurement were con-
sidered: laser Doppler velocimetry and particle tracing. The
former technique was rejected due to rather large (compared
1o the film thickness) spatial resolution. However, the present
flow cell may be adaptable to other measurement techniques
not yet considered.

Originally, carbon black with 0.3 um particle size was used
as a tracer because of its opacity. This material agglomerates
into larger particles of various sizes. It was quickly found that
the larger of these particles could be seen far from the plane
of focus of the microscope. Since it is imperative that only
particles within the shearing gap be seen and preferable that
only particles near the focal plane be visible, the smallest visible
particle should be selected. Commercisily available polystyrene
tracer spheres with fluorescent dye w.re found to be soluble
in some lubricants. Glass spheres of 2 um diameter were found
to be visible in one of our model lubricants (SP4E)—apparently
due to the difference in retractive index. These particles are
not visible at more than 0.1 mm from the focal plane.

Fig. 3 High-pressure fiow visualization cell

2.2 TestCell. The final design of the High-Pressure Flow
Visualization Cell is shown in Fig. 3 in cut-away. The internal
components are symmetric about the cutting plane through
the stationary shaft so that the entire cell interior need not be
shown. The stationary shaft or pin is hollow to accept a ther-
mocouple and is clamped to the pressure vessel. The moving
shaft extends completely through the vessel to balance the
hydrostatic force upon it. The shearing gap may be varied
from 0 to 200 um by rotating the moving shaft, aithough the
boundaries are only exactly parallel for one gap dimension.
Illumination is usually through the lower window. A beam
splitting prism in the optics allows illumination from above
for finding the top of the gap.

The moving shaft passes through one isolating piston and
one high-pressure seal at each end. The pressurizing medium,
a diester, is admitted between the high-pressure seal and the
isolating piston through a port in the back of the cell. The
moving shaft is driven axially by a hydraulic cylinder (not
shown in the figure) and positioned rotationally by a worm
and gear (also not shown). The axial displacement of this shaft
is measured by an LVDT external to the cell.

Windows are sapphire and are sealed to the closures by a
lapped fit. Temperature of the cell is controlled by either a
resistance heater or liquid nitrogen boil-off passing through
an aluminum block which is fastened to the exterior of the
cell. Temperature is measured at the thermocouple in the hol-
low stationary shaft (pin).

Initially, the moving shaft was driven hydraulically by ker-
osene from a variable displacement metering pump. It was
soon found that the vibration of the pump motor caused the
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Fig. 4 Pressure-viscosity of SPAE and the effect of the 2 ym tracer
particles

small (2 um) tracer particles to disappear from view. Bottled
gas was used thereafter in place of the pump.

The cell was pressure tested at 350 MPa and results have
been obtained to 280 MPa.

2.3 Optics. A prerequisite for a microscope objective used
to view material within a pressure cell is a long working distance
to accommodate the thick pressure vessel walls. In this case,
the minimum working distance is about 20 mm—Ilonger if
filters are placed between the cell and objective. Also a high
magnification is required in order to keep the gap and tracer
particles small. For these reasons, a reflecting objective (15X)
was selected.

Illumination through the lower window is provided by a
150W incandescent variable source through a fiber optic bun-
dle. A 50W incandescent source is provided for illumination
from above in order to position the focal plane at the top of
the shearing gap as seen in the upper view of Fig. 2. A dial
indicator mounted to the microscope tube indicates the mi-
croscope objective relative working distance so that any po-
sition measured into the gap may be selected. However, there
is a fundamental problem related to viewing the interior of a
cavity with paralle] walls in that material near the wall is ob-
scured by the interference of the opaque wall with the ac-
ceptance cone of the objective. This effect is such that for each
100 um deeper one moves the focal plane into the gap, 5 um
is obscured along the wall. A depth of 200-250 um into the
gap was selected for viewing as 2 compromise between the
conflicting requirements of viewing fully-developed flow and
seeing material near the walls.

The microscope tube has been adapted to accept video cam-
eras and a 35 mm film camera. A high-speed video system of
up to 1000 frames per second was available.

2.4 Experimentsl Liquid Lubricasts. For an exploratory
study of lubricant shear rheology, it is advantageous to select
as model liquids, materials which have seen application as EHD
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Jubricants and for which much data—both rheological and
tribological—are available in the literature. Also, as the ve-
locity measurement technique is limited to low shear rates of
lessthan 10s ', it isimportant that the viscosity be great enough
to vield non-Newtonian flow at this shear rate. That is, a shear
stress approximately equal to the limiting stress must be ob-
tained at a shear rate of 10s™".

The liquids selected are: a mineral o0il—LV] 260 and two
synthetic 0ils—SP4E, a polyphenyl ether and MCS 1218, a
cycloaliphatic hydrocarbon. These have been characterized ex-
tensively in the literature (Johnson and Tevaarwerk, 1977; Bair
and Winer, 1982 and 1990; Hutton, 1985; Alsaad et al., 1978).

As a guide in selecting experimental conditions and in in-
terpreting the results, it was necessary to determine the pres-
sure-viscosity characteristics of the experimental liquids. This
was done (o pressures above the glass transition by a method
outlined by Bair and Winer, 1992. Results are shown in Fig.
4 for SP4E.

1t is important to show that the tracer particles have neg-
ligible influence on the liquid rheology. This was demonstrated
in the Newtonian regime by repeating some of the viscosity
measurements with 2 um glass spheres dispersed in the liquid.
Weight fractions of 0.1 and 0.5 percent were employed and
are typical of concentrations used in the flow visualization
experiments. (Volume fractions are 0.4 of these values.)

The viscosity, u, was found to be a function of temperature,
T, and pressure, p, which could be described by a modified
free volume mode! (Bair and Winer, 1991). The curves in Fig.
4 represent

C\iT- T, P)IF(p)

=2} ——
£ [Cr IT-TetoNlFip)

# ]v p=p,; Q@)

p=
“‘ea.(p—p')’ P>p,

T,=T,+A, In(1+A;p)
F=1-B,In (14 B;p)

The glass transition is assumed to be an isoviscous state with
viscosity, u,, at temperature 7,. Both 7, and the relative free
volume expansivity, F vary with pressure. The conventional
free volume relation fails above the glass transition pressure,
P, and is replaced by an exponential relation with a pressure
viscosity coefficient, a,. This modification of the WLF equa-
tion is in general consistent with the recent results of Spathis
et al. (1991).

3 Results

3.1 Shear Force Measurement. During preliminary meas-
urements it was observed that the stationary shaft or pin de-
flected a small but measurable distance in the manner of a
cantilever beam due to the shear stress at the shearing region
and due to the drag of liquid flowing around the pin outside
diameter. The relationship between pin deflection and a shear
force at the end of the pin (stationary shaft) was calibrated
and found to be linear. When the edge of the pin is in view
(i.c., the entrance or exit to the shearing region) the shear force
can be measured. Unfortunately, the pin deflection is not en-
tirely due to the shear stress in the region of interest. Liquid
must flow around the outside cylindrical surface of the pin
when shearing is taking place in the gap. If the effective shear
force from the drag of the flow around the pin varies linearly
with moving shaft speed (and, therefore, with shear rate in the
shear region) then, any nonlinearity in the steady shear force-
shear rate response must be attributed to non-Newtonian flow
in the shear region. This is reasonable because the Reynolds
number for the external flow is very small (<10°").

For Fig. 5, the pin force is plotied versus shear rate (deter-
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mined from the moving shaft velocity divided by the gap which
was 150 um). A linear proportional behavior is observed up
to a force of 100 N. If this force is converted to an effective
shear stress by dividing the area of the pin end, the nonlinearity
begins at avout 30 MPa. The limiting shear stress at these
conditions would be expected to be about 23 MPa from con-
centric cylinder rheometer measurements (Bair and Winer,
1990). In fact, if the last two measured points on Fig. § are
assumed to represent rate-independent behavior in the shear
region, the force due to free stream drag can be subtracted
and a limiting shear stress of 21 MPa results. It may be con-
cluded that a departure from linearity in the pin force/shear
rate represents the transition between Newtonian to limiting
stress behavior. The viscosity determined in this exercise is
1.7x 10* Pa s which is in agreement with the vis~osity meas-
urements of Fig. 4 and is shown as the triangle in that figure.

3.2 Velocity Profiling. Local time averaged liquid veloc-
ities can be determined from the ratio of particle displacement
to the time interval over which the displacement occurred
(Muller-Mohnssen et al., 1990) assuming that the local particle
velocity is identical to the local liquid velocity. Several com-
mercial image analysis systems were utilized in an attempt to
automate the particle tracing. All of these systems were found
to be incapable of recognizing particles as small as 2 yum and
as explained previously we prefer not to use larger particles.

A typical set of time averaged velocity profiles is shown in
Fig. 6 for the indicated shear rates. The gap measured 127 um.
The local velocity, ¥, was found from the displacement of a
tracer particle over a time which varied from one to two sec-

4

Fig. 8 Single shear band in SPAE st 261 MPs, 22°C

onds. The velocity scale is not the same for all plotted profiles.
Velocities are corrected for the deflection of the pin and the
particle concentration was 0.1 percent by weight.

A total of about twenty-five velocity profiles have been
obtained for the liquid SP4E, for various temperatures, pres-
sures and shear rates. These profiles, which were time averaged
over several seconds, indicate a linear velocity variation across
the gap. The velocities when extrapolated to the wall position
are in good agreement with the wall velocities. (Note that
approximately 20 um of liquid near the wall is obscured.) Then,
if wall slip were occurring, it would necessarily be a very small
fraction of the relative velocity of the boundary surfaces.

3.3 Observation of Shear Bands ]t was observed during
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the velocity profiling that at the higher shear stresses visible
artifacts appeared in the form of bands. When polarizing filters
were placed between the light source and the cell and/or be-
tween the-cell and the microscope, thick diffuse colored bands
were observed along flow streamlines during stress transients.
These are possibly due to birefringence from molecular align-
ment in shear. When no optical filters were employed and
particularly for low tracer particle concentration very sharp
bands were inclined to the liquid boundaries in the manner
which has been observed for shear bands in solid polymers
(Wu and Li, 1976). It is these sharp'inclined shear bands that
are of primary interest here and will be examined in more detail
in what follows. It will be shown that slip or shear localization
actually occurs along an individual band.

Multiple shear bands are shown in the two video prints in
Fig. 7 along with the shearing direction. These bands appear
at angle to the solid surfaces and oriented such that they lie
in a plane of reduced normal stress due to shear. The inclination
is 19 to 20 deg for SP4E, about 23 deg for MCS 1218 and 16
1o 19 deg for LV] 260. The conditions for Fig. 7 are 220 MPa,
22°C and a shear rate of 0.25 s~'. The material is SP4E and
the gap is 130 um. When multiple bands form and {1l a region,
as in Fig. 7, a spatial periodicity is seen and the s —aration is
about 7 um measured perpendicular to the band. A single band
is shown in Fig. 8 at higher pressure and much lower shear
rate. Shear bands were observed in SP4E at pressures of 125
to 280 MPa, temperatures of 5 to 40°C .ad for gaps of 47 to
220 um and shear rates to 100 s~' and in LVI 260 (mineral
oil) at a pressure of 270 MPa and §°C and for MCS 1218 at
241 MPa and 15°C. Note that the 2 um tracers are too small
to be visible in these prints. Recall also that liquid very near
the solid boundary is not visible in Fig. 8. Consideration of
conservation requires that the shear band not intersect a wall.
The band must terminate away from the wall.

The appearance of shear bands is associated with the onset
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of nonlinear shear rheology as shown in Fig. 9. The first shear
band is observed in the second video print from the left which
corresponds to the first data point past the Newtonian regime
as described in a previous section. The pressure is 220 MPa
and the temperature is 22°C. This correlation was found at
several temperature/pressure combinations. As the pin force
(and shear stress) is increased the bands proliferate until they
appear to fill the entire shearing region. The first band was
always observed to occur very near the inlet to the shearing
gap; possibly due to the corner of the pin acting as a stress
concentration or possibly due to a lower temperature and,
therefore, higher viscosity, hence higher stress at the inlet. This
fact facilitated the study of individual shear bands in the next
section.

Shear bands have been observed for conditions which over-
lap conditions for a previously measured flow curve (Bair and
Winer, 1979b). The effective viscosity plotted in Fig. 10 was
obtained in a high shear stress viscometer (Bair and Winer,
1979a). Shear bands were observed at the conditions indicated
on the figure.

3.4 Slip Measurement. The tracer particles which were
used to generate velocity profiles can be used to detect slip
associated with a band. For this purpose it will be useful to
find two particles near the midplane of the shearing region
and nearly equidistance from the solid boundaries. The motion
of this pair of particles without the influence of a shear band
is shown in Fig. 11(a). Particles 4 and B move an equal distance
in the shear direction over some time interval. If a shear band
were operating between these particles, then the motion would
be expected to be the same as in Fig. 11(g) except that a slip
displacement aligned with the band would be added to the
particle motion as shown in Fig. 11(d). Our ability to measure
a particle position is limited to a resolution of about 0.5 um
and the video signal contains an electronic jitter; therefore, it
is convenient to place & coordinate system, XY, on particle A
as in Fig. 11(c). (Recall that these particles are equidistance
from the boundaries.) Now, if there is no slip, the X and Y
coordinates of B will not change over a time interval during
which a band exists between A and B. If slip occurs, the total
slip can be found from the chapge in X and Y during that time
interval, AX and AY, respectively. Video tapes were reviewed
to find pairs of particles which satisfied the above geometric
requirements and for which a single shear band passed between.
The displacement of B with respect to A is plotted for one
such pair in SP4E in Fig. 12. The displacement at the indicated
time is relative to time zero. Straight lines were drawn between
readings which were taken at 1, 2, and 3 seconds although the
actual history between readings is not known. A shear band
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was visible for some time between 1 and 2 seconds and not
for the previous and succeeding interval. The relative displace-
ments are consistent with slip along the band.

The total slip, \/ AX *+ AY? is tabulated along with the slip
direction, tan~'(AY/AX), for three examples. The first entry
in Table 1 is that of Fig. 12. Recalling that our resolution is
0.5 um, the slip direction is consistent with the observed band
orientation.

The slip across a band is dramatically illustrated in Fig. 13
where a shear band intersects a large particle of extraneous
material in SP4E. The particle is visible near the stationary
shaft in Fig. 13(g). A band passes through and cleaves the
particle in Figs. 13(b) and (c). The particle pieces are seen to
be shifted with respect to one another along the dir «ction of
the band and remain shifted after the band has diszppeared
in Fig. 13(d). The sense of the shift in cleaved particle pieces
is consistent with the sense of shear of the bulk material.

Table1 Relative displacements of particles astride shear bands

SP4E
Pressure Temp.  Shear rate Jaxi+ay an~'ay/ax
MPa °C s7! P
130 5 0.12 39 19°
130 s 0.13 5.0 20°
130 5 0.14 59 29°

SP4E at 221 MPa, 23°C
Fig. 13 interaction of a shear band with a large particle

3.5 Shear Band Inclination. An interesting and impor-
tant aspect of shear bands is the nonzero angle of inclination,
8, with the direction of principal shear. This angle of inclination
is a clue to the mechanism (Bowden and Jukes, 1972) of shear
localization and is expected from the pressure dependence of
limiting shear stress. Our preliminary results suggest that 8
may be a material property, possibly related to the pressure-
limiting stress coefficient . The ranking of shear band angle
for the three materials is consistent with the ranking of the
limiting shear stress (Bair and Winer, 1982).

In Fig. 14 are plotted inclination angles for SP4E for various
pressures. Within experimental error, the angle, 6, appears to
be independent of pressure. The glass transition pressure, p,,
is indicated. Note that our measurements bracket the glass
transition.
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The effect of shearing gap is investigated in Fig. 15 and the
observed angles are independent of gap size.

3.6 Shear Band Distribution. A significant observation
that deserves mention is that, aside from a preference toward
the inlet to the gap for the initial appearance of a band, one
can not predict beforechand the location of a shear band. This
is particularly apparent at intermediate shear rates where bands
appear in clusters with unaffected liquid in between (see Figs.
7 and 9). One may then conclude that a shear band will nucleate
in a linear viscoelastic matrix when the shear stress reaches
some critical value which exists at that location. This critical
stress, 7., is therefore statistically distributed within the ma-
terial and the mean of that distribution is the limiting shear
stress, 7.. We would expect that the functional form of Eq.
(1) is a result of that distribution.

4 Conclusion

A High Pressure Flow Visualization Cell has been designed
and constructed to perform a fundamental investigation of the
deformation behavior of liquid lubricants under lJubricated
concentrated contact conditions. A pressure of 0.3 GPa and
a shear stress between parallel plates .of about 25 MPa have
been demonstrated. Time averaged velocity profiles show no
continuous slip either in the bulk or at walls. Localized slip at
shear bands inclined to the walls was demonstrated to occur
during nonlinear shear response. The number of shear bands
increases with shear rate (and shear stress) from as few as one
at the onset of non-Newtonian flow until the shear region is
essentially filled with bands with a spatial periodicity of 7 um.
Bands are typically angled 16 to 23 deg off of the solid surfaces
in a direction which reduces the compressive normal stress due
to shear on the plane of the band. This angle may be a property
of the material. Of course, conservation requires that slip not
extend to the boundary. The shear band may turn tangent to
the wall or end near the boundary. According to Haward (1973)
shear bands may be wholly contained within the body accom-
modated by elastic deformation between the ends of the bands
and the boundaries.
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Molecular Probes

Temperature
T ~ Intensity ratio

(I anti-Stokes / T Stokes) Pressure
P ~ Frequency shift
AV Stokes

Viscosity
1 ~ Rotational

g M diffusion time

NEEP Trot
&G0

\ Film thickness

d ~ Intensity
I Stokes

ARRAARRRARARAARAARAAARARRARRANANAAARAARARR Dor Ben'AmotZ, "Raman Spectroscopy of M°|ecu|ar Markers" ARANANAARRNRANRRRAAAARARANARRARARARARARANAN




Raman Mi@r@sc@ee

ON®

excitation
laser

diamond
window

lubricant. \
fluid film

rotating

stainless steel

bearz’ng

Raman signal

N “\x““\‘\\\\\\\‘\\\\\\““&{&

holographic
bearsalie




Fiber Optic Probe
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Moelzcular Baromeder
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Fluorescence Depolarization Instrument
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Fluorescence Depolarization Viscometer Results
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Rotational Anisotropy

Rotational Anisotropy

BTBP in Methanol
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THIN-FILM FRICTION AND WEAR SENSORS

FOR CONTINUOUS BEARING MONITORING |

A. W. Ruff and K. G. Kreider
Ceramics Division and Process Measurements Division
National Institute of Standards and Technology
Gaithersburg, MD 20899
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Need

A bearing condition monitoring method that can be

applied continuously in real-time on a variety of

components regardless of size and complexity

Solution

Develop thin-film sensors that can be incorporated into
oil-lubricated bearing construction and that will respond

accurately to friction and wear levels in a time-continuous

manner
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Test results for a titanium block slid-
ing against 52100 steel ring in argon
under 10N load show the variation in
friction coefficient (FC), wear depth
(W), and wear volume (WV) with slid-
ing distance. Break-in occurs at about
120 meters of sliding; afterward the
wear rate is constant.
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Technical Approach

- Develop thin film sensor designs to measure accurately wear

and friction directly on bearing surfaces

- Develop thin film deposition techniques for locating multi-

- Study sensitivity, durability, and compatibility of different

thin-film sensor materials

- Work in later stages with commercial sources to fabricate

prototype sensors for full-scale applications

layer sensors on bearing contact surfaces '
]




Technical Approach (continued)

- Evaluate friction and wear measurement capabilities of

the sensors under controlled laboratory test conditions

- Compare sensor readings with independent direct

measurements of friction and wear to verify accuracy

- Compare sensor measurements with analytical models of wear

and friction for several contact geometries




Problems to Solve

1. Development of fabrication processes for wear sensors to
include multi-layer laminates with excellent adhesion to bearing

steel and bronze, and with similar wear characteristics

2. Development of continuous thin-film insulators without flaws

(pores, shorts, cracks, stresses, ..) as thin as possible

3. Development of thin-film sensor electrical connections

compatible with bearing designs
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Problems to Solve (continued)

4. Development of thin-film strain gage rosettes for measuring

friction (traction shears) under sliding and rolling conditions

5. Verification of sensor determination of wear and friction through

direct post-test measurement of specimens

6. Comparison of sensor wear and friction data with analytical

models predicting wear and friction for different geometries and

test parameters




Tribological Models to Test

- Wear rate for block-on-ring test geometry

(linear model ?; controlled by load or pressure ?)

- Wear rate for pin(sphere)-on-disk geometry

(same ?; temperature effects ?)

- Wear rate for rolling ball contact

(no general model; wear due to micro-slip and fatigue)

- Friction force for full fluid film

(varies with fluid viscosity, load, surface roughness ?)

- Contact (surface) temperature

(varies with speed, load, pressure ?)
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Thin-film Thermocouple
for

Turbine Blade Leading Edge

oo . Sputtered Film
2um =St c Thermocouple

Zum =B  “Oxide Layer
~—— MCrAlY Coating
120pm (sputtered or

evaporated)

A ~—Originai Metal

/ Surface

® Low Profile - 1 um - does not disturb gas stream

® Oxide insulation was critical problem




Temperature Sensor

for

Diesel Engine

® Pt adherence was critical problem




Design Concepts of Thin-film Wear Sensors

- Lamination of sputtered thin-film resistance elements with

insulators directly on the metal bearing surfaces

- The laminated thin-film package would have similar wear

behavior as the bearing material, and a small contact surface

area conforming to the bearing contour

- Typical bearing wear of 1-4 micrometer (40-160 microinches)

would be measured with 5-9 layer laminates of insulators and

film resistors

- A thin-film thermocouple would be included within the gage

to monitor surface temperature
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Surface Science, Tribology, and the NAVY’s aging fleet.
Dr. Irwin L. Singer

How can surface science and tribology make an impact on condition-based maintenance
(CBM)? One way is by developing microsensor technologies that evolve from proximal probe
research. Proximal probes are the latest in a stable of surface-related techniques that have been
used by tribologists over the past 30 years or so to get a closer look at the moving interface.
By the mid-eighties, tools which read like an alphabet soup [X-ray Photoelectron Spectroscopy
(XPS), Auger Electron Spectroscopy (AES), transmission electron microscopy (TEM),...] were
able to identify compositions and structures with up to monolayer sensitivity and, thus, brought
tribologists a step closer to understanding the interface chemistry and structure. However, most
of these tools only provided ex-situ looks at surfaces; they were unable to give real-time views
of the buried interface.

Today, tribologists are performing jn-situ surface analysis and tribology at the atomic
scale using proximal probes'. Proximal probes have developed over the past decade from a
variety of experimental techniques, most notably from Scanning Tunneling Microscopy (STM).
The most well known are Atomic Force Microscopy (AFM)® and its sliding companion Friction
Force Microscopy, (FFM)s**. These probes allow friction and wear to be studied with atomic
resolution in all three dimensions. Another proximal probe, generically known as a Surface
Force Apparatus (SFA), affords atomic resolution only in the vertical direction, but allows direct
measurement and/or control of micrometer-sized areas of contact in the lateral direction®’. A
very recent technique, based on the Quartz Crystal Microbalance (QCM), permits sliding friction
processes to be studied at the Angstrom level and at time scales in the nanosecond range®®.

These techniques offer new opportunities at three different levels. First, they are
sensitive to events occurring at the atomic scale without regard to environment i.e., unlike the
earlier group of surface techniques, the proximal probes NEED NOT BE used exclusively in
vacuum. Secondly, they are mechanical as well as analytical and, therefore, capatie of
performing friction and wear tests as well as studying friction and wear. Thirdly, they are
intrinsically microdevices and microsensors combined. They offer a rare combination of
technique and technology, and suggest opportunities for turning nanoscale science into nanoscale
technology (gigahertz accelerometers, picogram chemical microsensors,...).

The scientific opportunities can be seen in Fig. 1'°. It highlights some of the newest
issues that tribology must deal with to understand friction and wear at a fundamental level. The
physics concept is simple: that of matching time and lengths scales in friction and wear studies.
Of course, this has been accomplished at the macroscopic scale: thus, we are able to predict
and calculate machine contacts, bearing, gear and hydrodynamic lubrication behavior. It is less
successful at the mesoscopic (material microstructures, cracking, dislocation motion) and
microscopic (gas/liquid/surface interactions, grain and crack-face boundaries,...) scales because
the events take place over periods (< microseconds) shorter than most experimental techniques
are capable of following. Only a handful of experiments have been performed at the short
length and time scales of microscopic tribological processes; four of these, labeled 1 through 4
in the Fig. 1, are described briefly here:
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Fig. 1. Time and length scales of present-day models and experiments in Tribology.

1.

Bair et al.! have used fast IR detectors to measure flash temperatures during high speed
frictional contacts of asperities of length 10 um and greater, with time resolution of about
20 usec.

Spikes et al. have developed real time optical techniques for investigating the physical
behavior of EHL films down to 5 nm thick'? and chemical processes occurring in
contacts 10 um wide by 80 nm thick.".

Krim et al.*?® have used the quartz crystal microbalance experiments (described earlier)
for probing atomic vibrations amplitudes between 0.1 to 10 nm and time scales from 10
to 10°* sec.

Hamers and Markert' have shown that STM images are sensitive to the recombination
of photo-excited carriers whose lifetimes are in the picosecond range.

The technological opportunities are in the spin-offs in nanosensor technology that are

derived from the nanoscience research. It isn’t possible here to discuss or predict what sensors
can be developed. However, it is possible to suggest how such opportunities can be opened up.
It is first necessary that tribologists gather working groups of proximal-probe physicists and
chemists and together work to design devices that can monitor changes in chemical and
mechanical behavior of tribomaterials. Then engineers who have both active knowledge of the
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nanotechnologies and collaborations with tribologists will extract the most promising technologies
for CBM of aging fleet components.
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APPLICATION OF THIN FILM THERMOCOUPLES .
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" PARTICULAR APPLICATION: WEAROF
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VARIATION OF WEAR RATE AND FRICTION
. PMMA PIN :
AMPLITUDE = 4 mm, LOAD = 9.8 N

Time, br

<8, Thack=48°C,f=9.3Hz; a<>b, Tm-SG‘C fmQ3Hz;
b<>C Thack = 53°C, f= 9.3 Hz ; c< >4, Tback-48°Cf 93Hz; '
d<, Thack = 36°C, f= 12 Hz ‘
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DME Corporation C-130 Englne Gearbox ' January 1992
Stress Wave Analysis

planetary sun gear, and associated bearings. Sensor number 1, mounted on the forward bolt circle
of the gearbox at the 9 o’clock posidon (Figure 4), was in the best posidon to monitor the
planetary gear system and the propeller shaft support bearings.

The stress wave data were acquired using a SWAN-100 BEARING/GEAR ANALYZER
and a Digital Audio Tape (DAT) data recorder. The SWAN-100 filtered out background noise and
vibraton signal components to provide a Swess Wave Pulse Train (SWPT) analog output that
represented a tme history of fricion and shock events generated by the gearbox internal
components. The SWAN-100 also computed the Stress Wave Energy (SWE), which is a
quantitative measure of friction and shock, at each sensor location. The Stress Wave Pulse Train
was recorded on the DAT recorder and then played back for post flight analysis by a System 3000
Stwess Wave Analyzer.

The System 3000 produced Swess Wave Amplitude Histograms (SWAHSs) that show the
statisical distribution of stress wave peak amplitudes. The System 3000 was also used to perform
spectral analysis of the SWPT and plot Stress Wave Power Spectral Density (SWPSD) data. The
Stress Wave Amplitude Histograms are most useful in detection of aperiodic events frequently
associated with lubrication problems such as fluid or particulate contamination or skidding between
bearing rolling elements and races. The Stress Wave Power Spectral Density data are most useful
in isolating the source of elevated SWE readings caused by pericdic friction or shock events
associated with localized surface damage to gears and bearings. These three types of stress wave
data; SWE, SWAH, and SWPSD are presented in this analysis of the C-130 Engine Gearbox.

The first set of stress wave data (Figures §, 6, and 7) show the effects of gearbox load on
stress wave energy, amplitude distribution, and power spectral density. All data were taken from
sensor location 1 at a low load conditon of High Speed Ground Idle (HSGI); a medium torque
level of 7000 in-1bs; and a high load level of 19,600 in-lbs. Figure 5 shows a smoothly increasing
amount of frictional energy generation as a function of increasing load. This is typical of constant
speed, variable torque (load) machinery.

Figure 6 shows the sensitivity of stress wave amplitude dismibution to changes in operating
torque. The medium load condition shows a stadstically "normal” distribution with a relatvely
small standard deviatdon. The HSGI condidon shows a "log-normal” statistical distribution, while
the high load condidon is only slightly biased towards a log normal distribution, ‘but with a notably
larger standard deviadon than at 7000 in-lbs. The normal diszibution with a relatively small
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Stress Wave Analysis

standard deviadon is typically indicadve of smooth running, properly aligned, well lubricated gears
and bearings. The spuriously high rates, at two soess wave peak amplitudes in each of these
distribudons, are indicative of periodic friction or shock events at two reladvely constant
amplitudes during the 15 second data frame.

Figure 7 shows the frequencies of these periodic events at each of the three load condidons.
The dissimilarity in the frequencies of the significant spectral lines (>10 dB above background
levels) indicates significant changes in dynamic contact stresses as a function of load. This is
markedly different from what would be expected from localized gear or bearing surface damage
in a constant speed machine, which would cause a fixed set of spectral lines of varying amplitude

as a function of load.

The second set of stress wave data (Figures 8, 9, and 10) show the effects of gearbox oil
temperature on stress wave energy, amplirude distribution, and power spectral density. All data
were taken from sensor location 2 at a low load condidon of High Speed Ground Idle. Figure 8
clearly demonstrates the ability of the SWE parameter to measure changes in fricdon levels
associated with changes in lubricant temperature. The amplitude distribution histograms also show
the effect of elevated temperacure on lubricadon efficiency. At the higher temperature, the mean
amplitude of friction events is only slightly higher, but the occurrence of more high amplitude
pulses increases the standard deviation and slightly biases the disoribution towards a log normal
shape. The spectral data show no significant change as a function of temperature, thus indicating
that the changes in SWE and SWAH are due to randomly occurring, aperiodic events.

The third set of data illustrate what can be "seen” through stress wave analysis at each of
the three gearbox sensor locations. Figure 11 shows the measured levels of SWE over a three
minute period of steady state operation at a maximum power level of 19,600 in.-Ibs. of torque.
It is important to note the stability of the SWE readings under steady state operating conditions,
since this is an important factor in the ability to set limits for early detection of discrepant parts
and wending damage progression for planned corrective maintenance. The standard deviation of
the SWE readings is within a range of 4% to 6% of the mean of all the SWE measurements at
each sensor location. There is a slight upward trend to the readings obtained from sensor #2,
which is due to the fact that the oil temperature was increasing from 73°C to 80°C while this

series of measurements was being made. (In combination with the dara in ﬁg{ucs 8 through 10,

YEI0011A 3
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this also illustrates the ability of SWAN to detect changes in lubricadon efficiency over a broad
range of loads.) .

The amplirude dismributon histograms (Figure 12) for all three sensor locations have bell
shaped normal distribudons. It is interesting to note that although the #1 sensor distributon has
the highest mean amplitude, the total stress wave energv is highest at sensor locauon #2. This
illustrates the uniqueness of these two forms of SWAN. Part of the explanation for this lies in the
spectral data of Figure 13 that show more spectral lines characteristc of periodic fricdon and
shock events in the data from sensor #2. Another reason for the increased SWE at location #2 is
the shape (amplitude versus time) of the stress wave pulses from this sensor location. There are
two significant spectral lines, 67.8 Hz and 73.7 Hz, that are apparent in each of the three sensor
spectra of Figure 13. The 67.8 Hz line is the 4/rev of the output shaft on which is mounted the
4 blade propeller. The 73.7 Hz line is the 1/rev of the main reduction bull gear and the planetary
sun gear (which are on the same shaft).

Although there are not sufficient data from this one SWAN “snapshot” of one gearbox to
make a high level of confidence diagnosis of it’s current condition or prognosis of future condition,

some significant observations can be made:

1. All three basic stress wave analysis techniques (SWE, amplitude distribution, and
power spectral density) are sufficiently sensitive to detect changes in frictional
energy released by dynamic contact stresses as a function of operating torque level
in the C-130 engine reduction gearbox.

2. There are significant changes to both the amplimde distribution and energy content
of stress waves as a function of changes in lubrication properties associated with
bulk oil temperature (indicating that local oil temperatures may vary more
dramatically than bulk oil temperature).

3. SWE levels are very consistent under steady state operating conditions. This factor,
in combination with the sensitivity to measure the friction associated with changes
in load and lubricant temperature, indicate that alarm limits can be set which will
maximize the probability of detecting discrepant parts early in the failure process
while minimizing the probability of false alarms.

Y8-23-0011A 4
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Sensor No. 3

Figure 2. Number 3 Sensor Located on Upper Rear bold of Torque Meter Sensor
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SensorNo. 2

Figure 3. Number 2 Sensor Located on the Gear Box at the 9 O’clock Position
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Sensor No. 1

Sensor No. 2

Figure 4. Sensor Number 1 Located on the Forward Bolt Circle of the Gearbox
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Figure 9. Swess Wave Amplitude Distribution as a Function of Oil Temperature
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Figure 10. Suess Wave Power Spectral Density as a Function of Oil Temperature
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Chaos in a high speed gearbox
Ted Frison

Randle, Inc.
P.O. Box 1010, Great Falls, Virginia 22066
(703) 759-5257

ABSTRACT

We use the methods reviewed by Professor Abarbanel! to show that accelerometer data from a gearbox are
chaotic. These data have broad-band Fourier components and a natural question arises as to whether these
data are chaotic. The requirements for chaos are that:

The Fourier spectrum is broad-band,
There is a non-integer fractal dimension,
There is at least one positive Lyapunov exponent.

These analyses are a prelude to fault prediction and analysis. In this paper we present the results of our
studies on a healthy high-speed gearbox. That is, the gearbox was known to contain no faults.

2. INTRODUCTION

Predictive fault analysis of rotating machinery has proven to be a difficult problem. Before taking on the
problem of fault prediction and analysis, however, there is a natural curiosity about the nature of these
systemns and their signals. The insights derived from the analysis of baseline data provide guidance for the
future development of maintenance tools.

The methods are reviewed in detail in [1]. The general idea is to reconstruct the signal’s underlying attractor
using phase space reconstruction2. Once the attractor has been reconstructed, its invariant geometric and
information propagating properties are used to classify and analyze the behavior of the system.

The configuration of the gearbox is shown in figure 1. The input spur pinion driven by a high-speed
turbine. For this test, the developmental gearbox was statically mounted on a test bench. The signal trace of
an accelerometer mounted on the case is shown in figure 2, along with its FFT. The sensor, an
accelerometer, was sampled at 320 khz and low-pass filtered at 80 khz. The data were stored on a modified
video recorder. These data are especially interesting because they were collected under circumstances similar
to the shop conditions that will exist for the final application. Thus, they contain all the artifacts that one
would expect from real data.

3. CHAOTIC CHARACTERISTICS OF A HIGH-SPEED GEARBOX

The main menu for the chaotic signal processing (“CSP”) system used in these studies is shown in figure 3.
The modules that perform the calculations are platform independent and run on Sun workstations, Apple
Quadras, Cray supercomputers, and even an occasional IBM PC. The status windows for four processes
running in the background are in the upper left corner.

ARRAARRRRARNARAARAAAARARAAR ARARAARAARAAARNAARARRA Ted Fl.lson ”Slana' AnalvslslS'ana' PfOC&SSI nq“ RAARARMAAABAAARARANSANA AANANARARARAAAARAANAAARAR
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Figure 1. Schematic of gearbox.
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3.1. Find the time delay for nhase space reconstruction.

Average mutual informaﬁon, I(T), is a prescription for selecting an appropriate time delay interval (T) for
reconstruction of the attractor 3 and is the amount of knowledge (expressed as bits) that one can derive about
two datums separated by the time delay, 7. It is defined in two dimensions as the joint probabilities of the

two datums:

P, ,(a,b
D= P, o bog, 2|
A

The determination of the time lag, T, is important because an optimum selection of T gives best separation
of neighboring trajectories within the minimum embedding space. This is important because calculation of
the Lyapunov exponents relies on solving a matrix that is comprised of descriptions of how close
trajectories diverge. If the trajectories are not separated, then the matrix will be ill conditioned and may not

be solvable.

In the reconstructed attractor, if the time delay is too small, there is little new information contained in each
subsequent datum. If T is too large, x(n; and x(n+7T) will appear to be random with respect to each other for
a chaotic system. The first local minimum of I(T) determines an optimum value of 7. Past this point in a
chaotic system, ambiguities in the correlation between x(n) and x(n + T) arise -- they start to appear random
with respect to each other. The state space portrait begins to lose resolution and the fractal nature of the
attractor starts to become blurred. .

The average mutual information for the baseline (known good) gearbox data is shown in figure 4. The first




local minima, at sample 6 (1.875x10-5 sec), is a shallow minima. The higher peaks correspond to events
that are occurring on an average of 149.7 samples. These events are the engagements of the input spur
pinion and the intermediate spur gears. The rate of engagement is 2,137,66 meshings per second. These
artifacts are evident across the entire data collection, as are the lower mesh rates from the teeth on the other
gears.

3.2. Find the minimum embedding dimension.

The full behavior of a system described by n independent variables can be observed in an n dimensional
“state" space. However, the attractor of the system may be contained in a subset of the state space with
dimension d4, and may be described in a state space, d, that is much smaller than n. This minimum
embedding dimension d is, at most, the first integer greater than 2dy (the correlation dimension); it may be
less.

Determination of the minimum embedding dimension, df, is of practical interest because the computation
burden rises dramatically as dimension increases. Further, noise fills all dimensions, so computations
carried out in a higher-than-necessary dimension will be corrupted by noise. If dg is too small, the trajectory
may cross itself., Neighbors near the crossing may be indistinguishable in lower dimensions.

An easy method of determining minimum embedding dimension is used in our processor4. As dimension is
increased, attractors “unfold.” Points on trajectories that appear close in dimension d may move to a distant
region of the attractor in dimension d+1. These are "false" neighbors in d and the method measures the
percentage of false neighbors as d increases. Trajectories that are close in d are tallied, and the number of
these trajectories that become widely separated in d+1 are calculated. Over the data set one tallies

I:Rj“ (n,r)-R? (n,r)] _ Jx(n+ Td) - x7(n+ Td)l SR,

R(n,r) R,(n,r)

where Ry is the Euclidian distance between a point and its nearest neighbor and Ry is the criteria for
declaring whether the neighbors that are close in d are distant in d+1.

A second criteria is necessary because the nearest neighbor is not necessarily “close.” If the nearest neighbor
to a point is false but not close, then the Euclidian distance in going to d+1 will be = 2R,. So, the second
criteria is

Rd+l (n)

A

>R,

where
,_1x >
R} =5 X [x(m)-%]

n-1

A nearest neighbor is false if either test fails.

Figure 5 shows the global false nearest neighbor calculations for these data. The data are clearly higher
dimension, which is not surprising considering that the accelerometer is capturing multipath signals from six
gears with 381 teeth. The teeth on the input spur pinion are engaging at a rate of 2,138 engagements per
second. The bull gear mesh rate is only 275 engagements per second on each of the two pinions, but it takes
almost a half a second for one complete revolution. It would appear that the global embedding dimension for
this signal is at least 12, but could be higher.




3.3. Compute the correlation dimension of the attractor.

The fractal dimension of the attractor5, d,, provides information on how much of the state space is filled by
the system. One interpretation of d, is that it measures how many degrees of freedom are significant.
Another interpretation of the fractal dimension is that it provides a measure of how an object’s bulk scales
with its size: bulk = sizeda, Bulk that can be associated with volume and size is then interpreted as Euclidean
distance. A plane, for example, has dimension two because the area = d2. The fractal dimension of the
attractor, d,, may be estimated using Ruelle’s approach by calculating the number of spheres or boxes,

N(r), of size r that capture all points as r approaches zero:

_ log(N(r))
° log(¥%)
Grassberger and Procacciaé defined a relatively easy approximation, the correlation dimension, that may be

done on a PC for high SNR signals. One major issue is the sensitivity of these calculations to signal SNR.
The amount of data required to do the calculations may dramatically increase as SNR decreases.

asr—0

Using 120,000 sarnples (a little less than 1/2 second) the attractor is shown to be well populated by the
histogram of A(r) -- the top curves in figure 6. The bottom curves in figure 6 are the estimates of d, for all
locations along the top curves. The pointer shows where the final estimates are selected, and presented in
figure 7. The final estimate of d, = 5.9 is consistent with the estimate of d. >=12.

3.5. Compute the Lyapunov exponents,

The Lyapunov exponents describe the rate at which close points in the state space diverge. There is one
exponent for each dimension. If the Lyapunov exponents are all zero or negative, the trajectories do not
diverge and the system is stable. If one or more Lyapunov exponents is positive, the system is chaotic?. The
Lyapunov exponents are invariant with respect to initial conditions. Therefore, they are another way of
.classifying a chaotic system. The more exponents one can correctly find, the more accurate predictions of
system behavior will be8.

All the Lyapunov exponents may be calculated from the Jacobian of the map by the QR decomposition
technique discussed by "EKRC."9

As defined above, Lyapunov exponents are a global invariant because they describe the effect of
infinitesimal perturbations over infinite time. Recent approaches examine how perturbations grow in finite
time10 and how these local Lyapunov exponents relate to predictabilityll. The local Lyapunov 2xponents
measure the divergence of trajectories in different regions of state space.

Our calculations of the global Lyapunov exponents in twelve dimensions show that there are several positive
exponents. The numeric results of these calculations are questionable due to the amount of data that would
be required in such high dimension and other algorithmic issues. But, the sign of each exponent is
believable and the presence of at least one positive exponent is sufficient for our purposes.

4. CONCLUSION

These data meet the rigorous definition of chaos: broad-band spectra, a non-integer correlation dimension d,
< d. and at least one positive Lyapunov exponent. Our curiosity about the global nature of this physical
system is satisfied. The next challenge is to translate this knowledge into methods for fault prediction.
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Figure 2. Signal trace and FFT for gearbox accelerometer data.
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Figure 4. Average mutual information
Gear Box
75
. 1508000 samples
Time lag 6
i Metric 1 15.0
%
-
) L] ] | 1 L - i1 | LI 1 1] 1 ] 1 ) 1
1 2 3 4 5 6 7 8 9 19 11 12 13 14 15 16 17
Dimension

Figure 5. Embedding dimension calculations for a high- gearbox (joint tolerance).
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Figure 6. Comrelation dimension histogram (top) and local slopes (bottom).
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CHAOS IN A HIGH SPEED GEARBOX

Application:

Issues:

Ted W. Frison
Randle, Inc.
P.O. Box 587
Great Falis, VA 22066
(703) 759-5257

Health and maintenance monitoring (HMM)

Improve safety on a single point of failure device
Affects safety, effectiveness, affordability
Reduction in maintenance costs
Reduction in replacement costs

Global vice local anomalies

“Economically useful” advance warning

Incipient fault warning (a binary alarm) is
different than specific diagnostics

Stressing issues:

High sample rate

Large number of samples
Multipath effects
Computation efficiency

Related research:

Acoustic emissions
Biological HMM
Other types of rotating machinery




A HIGH SPEED GEARBOX

ourTeuY
SHAFY N\
190 pm

SULL GEAR
127 Tooth
LM SPUR GEAR . 101 Teoth
HERRINGBONE PINION . 13 Tosth
1270 opm RH SPUR GEAR - 101 Tooth
HERRINGBONE PIMON - 13 Teeth
INPUT CPUR PROION
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EVENT RATE
GEARS
Gear RPM rps (sec) Samples
Input spur pinion 4,933 rpm 82.2 (.0122) 3,892 samples
Spur 1,270 rpm 21.2 (.0472) 15,118 samples
Herringbone Bull 130 rpm 2.16 (.461) 147,692 sampies

TOOTH RATES

Gears Mesh rate (/sec) samples between
Input/Spur 2,137.6 149.69
Spur/Bull 275.16 1,162.9
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CORRELATION DIMENSION

| Gear Box

120008 samples
Time delay 6
multiplier 10 x

26.95

bin 11 (1.10)
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Gear Box

fAvg. final sloepe 5.9 .
Compute bin 12
s radius of 1.20
ttractor size: 3.59
120000 samples
ag 6
multiplier 10
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PLENARY SESSION
Subgroup Report
CRITICAL EQUIPMENT FAILURES AND MAINTENANCE ISSUES

17 November, 1993

John Bowen Applied Rescarch Laboratories, UT

Brian O'Connor Lubrizol

Ellick Wilson NADep, Cherry Point, NC

Joe Marciano Sikorsky Aircraft
John Mason NADep, Cherry Point, NC
Paul Fitzgerald NADep, Cherry Point, NC

Our group meet to discuss and define issues related to CRITICAL EQUIPMENT
FAILURES AND MAINTENANCE ISSUES. Our methodology was to combine broad
definitions with specific examples to generate a list of specific recommendations for future
investigation.

Our topic area begs a definition of some terms. The following general definitions were

developed:

a. A CRITICAL FAILURE is one that results in any of the following:

1) A loss of the platform. :
2) A loss of life or serious injury.
3) Significant financial impact
No artempr to further define items such as 'serious injury’ or 'significant
financial impact' was made by the group, these can be filled in by the
propriate medical and comptroller personnel.

b. A CRITICAL SYSTEM OR COMPONENT is one in which - if failure of the
system or component were to occur - would result in a CRITICAL FAILURE,
Further break down to identify the specific system or component would need to be
g;xée at the platform level based on the guidance given by the cognizant system

irectorate.

The group then shifted to specific failures related to the H-46 helicopter. A list of 176
critical failures in 12 separate components of the rotor and drive sysiem components was
provided by Ellick Wilson from NADep Cherry Point. This list covered the period
generally from 1990 to 1993 and involved equipment failures found during inspections at
time intervals less than the then expected lifetime expectancy of the individual components.
Some aircraft were lost, but most of the failures were found during depot level inspection.
The current corrective actions consist of increasing the insarection frequency and/or
tightening the inspection criteria to tighter than the original design specification. Most of
the failures involved fatigue cracks in forged components. The failures were repeatedly
found in the same locations and, in retrospect, the location could have been implied from
the original design to be susceptible to failure.

Lig g d
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The most limiting operational item oa the list was the Pitch Shaft. This
allows the individual rotor blade to change pitch and absorbs the farces and moments to
connect the blade t0 the rotor assembly. to the short interval between the initial

dmublefnultmdmﬁmamaﬂm.thiswmpownquimmm:ﬁcﬁmaﬁummo
bf:ésofopention.m“psfomnmcdmthmgmﬂjmdw applicable to other
platforms.

The first step in formulating this monitoring process is to ideatify the failure
mechanism. In this case, the Pitch Shaft failure mechanism is due to a combination of
corrosion and fatigue induced cracking. In the more generalized case, this information may
not be known and would require investigation to detezmine the cause of failure.

The second step is to identify any detectable or characteristic indicators of the inception
of the fault or failure mechanism. This should not prectude the pre existing fauit that
escaped the initial manufacturing process. The ininal detection would imply the first
detection of a crack or crack propagation The underlying ion bemg that if the
condition passed the initial manufacturing criteria, it was for service.

The third step is to identify the sensor(s) and the locations to detect the characteristic
indicators of the fault. Additionally, the transmission path for the detected characteristic
indicator(s) may need to be identified. In the case of the Pitch Shaft, the sensor would
probably have to be on the rotating portion of the H-46 rotor assembly.

The fourth step is to analyze the sensor(s) output(s) for the characteristic failure
signature to classify and the detection of the failure. This process used to classify
the failure would depend on the sensor(s) used and the characteristics to be detected. To
preassign an analysis regime would limit the effectiveness of the first three stePitch Shaft
and the process as 2 whole. The process bardware will need to withstand adverse
operational environment and weather.

‘The fifth step is to generate an output identifying the detected fault to the i
Jocation. Since this is the Pitch Shaft and an identi edaiticalpmforthcliﬂ,d:epilo:
should get the real time indication of each detected fault. Only one detected fault is a
different circumstance from multiple fault detections and this mformation would be needed
by the pilot. The detection event(s) should be recorded for down loading to maintenance
personnel] at the end of the flight. The monitoring process should yield a positive indication
?:lgult inception ar growth with a high probability of detection and a low probability of

The above situation was for a pre existing platform such as the H-46. For platforms in
the initial design phase, the designation of critical systems and co , identification
of failure locations and mechanisms with the characteristic detectable parameters should be
accomplished in the design phase. Sensor(s), ing techniques, etc. can be
i up front at reduced cost and afford greater utility to the operator and the

For routine maintenance the need exists for improved inspection techniques.
Improvements in the sensitivity, ease of conducting the i ion, decreasing the skill
kvdoﬂhehspecwrmdjmpmvingthemggedmofmmdeﬁumwomd
make the inspection functiona) and meaningful at the Jowest organizational level feasible.
This would require systems with built in expertise god integration with the training
pipelines for the various maintenance personnel.




In addition, for routine maintenance inspections that can not be covered by other means
but require some tear down to gain access (o the inspection site by the inspector and/or the
instrument, installation of devices to facilitate the inspections would save the tear down
time and costs. Such devices as remote or imbedded sensors, remote calibration
capabilities ar even the simple expedicnce of an access plate can save hours and dollars in
the maintenance area.

The last two items in the routine maintenance category are more pro ic than
technical. First, the timely analysis of the maintenance data for the whole fleet (of aircraft,
shiPitch Shaft, trucks, etc.) should be conducted to identify failures and systems
or components that need to be re engineered. This is a case where the design did not meet
the functional demands of the platform and the design should be modified. Secondly, an
analysis of the operational data should be conducted routinely - on a flect wide basis - to
sce if the plarform, system or component is living within the design operating profile.
Excessive operating demands (that have not yet caused failure) should be identified and
grnasmdsymmcompomshouldbemengimadhadmewwm

ures.

None of the above specifically calls for a prediction of the remaininaillifeinaplatform.
system or component. Such a forward looking device is warranted to allow the scheduling
and coordinating of maintenance efforts and to insure that proper support is available from
supply and personnel are available to effect the repair in a timely manner. The recording of
operational or life cycle data and the systematic (religious) determination of life remaining
before failure is a desired goal. The actions recommended above would lead to that end.
For existing platforms (c.g. the H-46 which has probably exceeded its designers wildest
expectations) this is a difficult to impossible task since the life time may have been already
exceeded. For individual components within these platforms, this may be an approachable
goal. Certainly in new acquisition platforms, this should be an attainable goal.

Recommendations
Recommend that the methodologies indicated above be implemented to improve the
reliability of the Navy's maintenance system. Specifically recommend the following
methodology for in service platforms:
First:  Identify the failure mechanism.

Second: [dentify any detectable or characteristic indicators of the inception of the
fault or failure mechanism.

Third: Identify the sensor(s) and the Jocation(s) to detect the characteristic
indicators of the fault. Additionally, the transmission path for the detected
characteristic indicator(s) may need to be identified.

Fourth: Analyze the seasor(s) output(s) for the characteristic failure signanure to

classify and the detection of the failure. This s used to
classify the failure would depend on the sensor(s) and the
characteristics to be detected. .

Fifth:  Generate an output identifying the detected fault to the appropriate Jocation.
Sixth: Identify remaining service life




While the implementation of these stePitch Shaft may be a daunting task for a co

mﬂlcimplemmﬁmonscbaedeompomumsymshmddbeaf:mod
or a trial on an aircraft, ship or land platform. For a pre construction platform or weapon
system, these stePitch Shaft should be done in the design stage.

For routine maintenance, recommend the following:

First:  Improved inspection techniques to make the inspection fumctional and
meaningful at the lowest organizational level feasible.

Second: Installation of devices to facilitate the inspections, remote or imbedded
sensors, remote calibration capabilities to obviate the need for tear downs
and rebuilds n>=rely for access

Third: Timely analysis of the maintenance data for the whole flset to identify
upemdfum and systems or components that need to be re engineered.

Fourth: Analysis of the operational data to identify excessive operating demands
should identify over stressed systems or components that require re
engineering to preclude future failures.

J
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Bill A. Glaeser, Group Leader
Lavern D. Wedeven, Recorder

Introduction

The issue of understanding "failure mechanisms" seems to have surfaced from almost
every group addressing the issues of condition based monitoring (CBM). Failure
mechanisms undergird the whole concept of CBM in the following ways:

» Intelligent use of current condition monitoring technology

o Required for the development of new sensors and monitoring technology,
including basic decisions to make CBM work.

Failure mechanisms were subdivided into two categories - TRIBOLOGICAL and
STRUCTURAL. The category of structural includes bearing and gear structural parts
like rolling elements, rings, gear teeth, etc. Tribology deals with load carrying surfaces
and lubricating materials.

Approximately 8 people participated in this group. Unfortunately, the distribution of
disciplines was very heavily weighted on the tribology side. For this reason, the report
does not do justice to the very important structural failure mechanisms.
TRIBOLOGICAL FAILURE MECHANISMS

Almost all oil wetted parts are critical components in power transmitting systems. The

lubricating fluid is an integral part of the mechanistic process. Because of this mechanistic

studies and modeling should include both oil supply attributes and mechanistic processes
that are connected to oil analysis.
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Supply Attributes

With extended operation, there is greater concemn for oil coking of passage-ways in hot
sections (potential engine problem). A least one engine company bas discussed the
possible use of sensors in areas known to give problems. There are no known sensors for
coking. Currently, oil suppliers are working on what some call “third generation® oils
which tend to be somewhat "cleanes” with regard to deposits. The fact that there is action
in this area is an indicator that there is some concern.

Marginal oil supply, oil interruption and oil-off conditions sre critical events for lubrication
and cooling. There is little understanding of the tribological progression of events in real
hardware, or even simple bench tests, that would allow prognosis of running time to
failure or remaining life following recovery.

Oil Analysis

1t is relatively easy to monitor oil condition for total acid number (TAN), change in
viscosity and other attributes routinely provided in programs like SOAP. Whether on-line
or off-line, the results of oil analysis are not entirely clear with regard to the precise
location of a problem and decisions on maintenance or remaining life. In addition, oils
become contaminated and suffer from additive depletion. There is a need to address the
impact of this on the tribological mechanisms that relate to performance and remaining

life.
Lubricating Film Formation Mechanisms

Mechanisms associated with the formation of lubricating films are generally understood.
These include:

bydrodynamic
elastohydrodynamic (EHL or EHD)
boundary film

The first two are used in design by way of the *lambda ratio (Wo) which allows &
calculated oil film thickness (h) to be judged in relationship to surface finish (s). Thereis
nopmﬁublegeuonforCBMtofoauonwbﬂemmoduedﬁthbydmdywnicor

EHD mechanisms.

The formation of boundary films are much more mysterious. Designers and users know
that they can push there performance limits further with, for example, certain types of oils
such as DOD-L-85734 vs MIL-L-23699 due to the added chemistry. In any case, the
mechanisms of film formation are much better understood the mechanisms of failure.
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Lubricating Film Failure Mechanisms

Life for very small (/o) has many pathways. It is recognized that these conditions
produce many competitive tribological processes. Some of these are ideatified below:

Sub-surface Fatigue

Crack initiation and propagation below the surface due to cyclic stresses can lead to
spalling. With much improved bearing and gear materials, the frequency of sub-surface
initiated fatigue has been mostly eliminated. Most spalling fatigue appears to be due to
surface initiated phenomena to be discussed below. Yet, sub-surface fatigue is an issue,
not only for tribological surfaces but for structural failure mechanisms. There is a need for
capturing some kind of precursor to the initiation of a subsurface crack. This is
particularly important for failure mechanisms where crack initiation is more important than
crack propagation.

Surface initiated Failure

The CBM needs associated with surface initiated failure mechanisms can be divided into
singular defects and low (W/o) operation.

Singular defects - These include nicks, scratches, corrosion pits and dents caused by third
body particles (hard or soft). These defects cause local stress risers which can lead to
crack initiation and pitting or spalling. These defects also cause local loss of lubricating
films which may be an initiating site for progressive wear or scuffing. Large singular
defects cause vibration signatures. There is a need for modeling the impact of surface
defect size and shape or third body morphology on life and tribological performance. At
overhaul there are inspection criteria and tooling for rejection due to surface defects.
However, the impact of defect size is now known to be relative to component size (radius
of curvature) and lubrication. It is possible that too many parts are scrapped. It is also
possible that overhauled parts should not have been returned to service.

Low (h/c) operation - Many oil wetted components operate under these conditions due
to one, or 3 combination of, low speed, high temperature and rough surfaces. With regard
to mechanistic understanding for CBM, the difficulty is that the tribological processes can
follow many pathways and the rate of events can be from benign to catastrophic. Some
surface descriptive features are listed below:

] polishing wear scuffing (light, mild, heavy)
run-in m« (score marks) severe wear
smearing




The tribological processes associated with the items in the middle column are very
common in hardware and are likely to be precursors to more catastrophic failure. The
debris from these proc. -ses is very small and not easily collected with debris monitoring
equipment. Also, typical tribological bench tests for wear go well beyond these
mechanisms where the wear coefficient is very small. There is a need for better
understanding of these wear modes and how they relate to satisfactory lubrication and also
how they progress to more advanced forms of surface deterioration. A “neural network”
of features associated with wear, fracture and oil attributes as sketched together by Bill

Ruff is attached.
With regard to surface initiated failure mechanisms two general needs can be identified:

e Identification of tribological pathways in critical hardware and their connection to
operating conditions.

e Development of tribological models for low (/o) operation and laboratory
simulation of hardware conditions to find indicators for life prognosis (remaining
life).
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CONCLUSIONS AND RECOMMENDATIONS

The deliberatigns of the group were based on the premise that what we
don't know should be explored. Three subjects about which there is a
critical gap in! understanding were selected as priority items for new
research programs:

« Luybricated wear

 Contact Fatigue Precursors

« Structural Fatigue Precursors

Specific concerns for the above candidates:

Lubricated Wear

Lubricated weLr can occur in thin film hydrodynamic contacts and in so-

called boundafy lubricated contacts. In the former, the lubricating film
supports the gontact load by self-generated film pressure. The thickness

of the film and the pressure distribution in the film can be calculated.

In boundary lubrication, on the other hand, there is no hydrodynamic factor
relying on viscosity to support load. Currently there is no useful

analytical approach for modeling boundary lubrication. All models depend

on empirical data. AoTE! Any. models Fhat ame developed fon
lobntcated wean must fitcognize fhaf it fakes Mary fattiuay s—some o
In.mmmb_ce_akdm talorg -ofhwis do not rsult 1n failne -

For thin film,| hydrodynamic wear, we can estimate film thickness and
relate it to the surface roughness (heights of asperities). This approach is
used in the design of bearings and gears. However, there is no way of
determining what film break down and subsequent release of wear debris
or scuffing is.|The factors which lead to film break down are not known to
the extent that they could be used in a failure model. It is quite possible
that when the| supporting lubricant film becomes so thin that some
asperities contact, boundary lubrication takes over.
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New research s needed, therefore, to develop a film break down model.
The model shauld define film break down and find conditions that lead to
it. Detection oI incipient film break down should then be a product of this

research. |

Bouyndary

Boundary lubrication has been left to empirical studies for half a century.
in the meantime, hydrodynamics and EHL have been developed into' elegant
mathematical tmodels. It is time that the dynamics of boundary lubrication
be investigated and subjected to modeling.

For the Navy's concerns, some aspects of boundary lubrication demand
attention:

What properties are required to develop an effective boundary film?
Supstrate bonding
Reaction process in the contact region
Degradation process (how does it wear away)
Effect of contact pressure and shear rate
Structure
WTat can poison a boundary film reaction

It is suggesteé that new surface analytical techniques may be useful in
the study of the above boundary film mechanisms. It appears that
techniques being developed will enable study of chemical processes
within the contact zone during lubricated wear for study of the basic
mechanisms boundary lubrication and wear.

Contact Fati

Since subsurface generated contact fatigue is less likely owing to
development of improved materials, surface generated contact fatigue
should be coricentrated on. In particular, the effect of surface defects on
the fatigue prdcess needs to be addressed. If those surface defects that
lead to fatiguel can be classified so that they can be detected
nondestructively, considerable savings in replacement of parts in low
supply can be; achieved. It is hoped that those surface defects that are
benign can be characterized so that they can be confidently ignored.




Defects includ’r dents, scratches, scuffing, fretting and corrosion.
Some suggesTd characteristics to be investigated include:

« Morphology
Therhape ,Size and stress raiser features of defects will

influencg the probability of initiating a crack.

. Oriengation
In

rolling djrection will influence the disruption of the EHL film.

. Surfaci:e chemistry

rolling contact bearings, the orientation of defects to the

: Local polarity of critical surface areas can lead to galvanic
effects. Segregation of alloy constituents caused by contact
stress can lead to pitting. Corrosion pitting can act as sites

fon crack initiation.

¢ Dents Fnd nicks can produce near surface residual stresses that

ca

[

increase the likelihood of or inhibit crack generation.

The above characteristics and their interaction with the contact fatigue
process shouid be modeled so that the probability of damaging fatigue

from defects or combination of defects can be confidently predicted.
model shouldienable establishment of criteria for detecting critical

defects. !
!
|

Structural

The effect of surface defects on structural fatigue should also be
illuminated by|the research on basics of surface defects on contact

fatigue.

The
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ISSUE: FAILURE MECHANISMS - Modeling
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PLENARY SESSION
Subgroup Report
SENSORS

17 November, 1993

Steve Shaffer, Group Leader

We recognize the urgent need to develop advanced sensors for machinery and
structures on ageing aircraft, ships and land vehicles which exhibit the
characteristics of reliability over the life of the machine or structure, low life cycle
cost, reduced or eliminated calibration, and local intelligence.

We recommend a two-pronged approach: (1) to initiate projects for the near
term, which would lead to improved sensors to be incorporated into critical areas of
existing equipment; (2) to launch projects, for the long term, which would lead to
complete retrofit in existing platforms or future new ones.

The approach that we suggest for the near term program is to modify and
integrate existing sensors into retrofitable or replaceable parts that can be introduced
directly into existing systems. This may be accomplished through the development
of a family of in situ microsensors for primary parameters including pressure,
temperature, vibration, acoustic emission, viscosity, strain, shear forces, wear debris,
and lubricant contamination. The long term approach is likely to involve the
development of new sensor strategies, including sensors that are compatible with
fiber optic transmission systems and central array processing as well as decentralized
“smart” sensors which incorporate both transducer and processing capability on a
single chip, and sensors which are integrated directly into critical machine
components. The fiber optic system anticipates the upgrade of on-board signal
transmission systems, in an effort to avoid problems associated with hostile
environments, such as temperature, shock, dirt and electro-magnetic interference.

These efforts will require further research at a basic level in areas such as
corrosion and wear processes and their relation to crack initiation and growth, and
chemistry at the interface of lubricated contacts. These processes must be studied to

determine what metrics may be the most important for future development.
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PLENARY SESSION
Subgroup Report
SIGNAL ANALYSIS

17 November, 1993

Tom McKenna, Group Leader

Our initial discussion revealed that the participants had different views of what a model
should encompass. Roger Bamron presented his typology of four kinds of models: (1)
Phenomenological Models, eg. simple fault propagation models, (2) S-R (Stimulus Response)
Models relate the output to input parameters such as load, (3) Inverse Models of Explanation
Type predict outcomes, but also reveal what inputs were critical, which leads to explanations
of the model predictions, and (4) Inverse Model of Control Actions generates suitzble control
actions. One example would be a reconfigurable flight control. Models of this fourth type woald
be suitable where analytical models are intractable (such as time-varying noulinear systems).
Paradoxically, this type of model ‘may be casier to defend than the third type, which permits
explicit explanation of performance, since the criteria or rules thea become subject to oversight.

In the context of mechanical diagnostics, different types of models are appropriate for
different parts of the task. For example in the system design phase (diagnostic system) a model

A" that predicts signals emitted by a fault, and the site of emission would be used to select

sensors and locations. An example is provided by CAD design programs such as gear mesh
models that predict vibration spectra and noise produced by cracks. Such models can operate off-
line with extensive computer resources, permit many *what if® experiments, and permit details
to be added, such as Jocal surface Interactions. The actual real-time diagnostic system, would
cousist of two integrated components, an automatic fault detection and classification system
(which could consist of spectral decomposition, feature extraction/reduction, and neural network
classifier) and a model "B" to track the fault and make prognosis of time to component and/or
system failure. The fault detection/classifier componeat would flag signals of faults or fault
inception, would be on-board, and would process more than oue sensor type. Signal paths from
different sensors or sensor types would maintain parallel paths until indepeadeat calls could be

made and an arbitration technique used to interpret divergent calls. If the model "B" component -

was statistical or a simple neural network if would require the availability of an adequate data
sample, which might be expensive and difficult to obtain. However, if this model incorporated
an adaptive represeatation of the physical failure process, this requirement might be relaxed.
This model shonld be eavironmentally and regime seasitive.

. Both the "A" and "B" models would require validation and updating. We recommend that
a simple mechanical system be selected and physically built and modeled. Possible mechanical
systems include a set of four right angle gears, with variable torque and intemnal control, or a
simplified rotor bead. The physical model could be replicated for use in more than one
laboratory, and embedded sensors placed within it. Parts could be run to failure routinely,
without the danger associated with large mechanical systems, Problems which emerge in field
systems could be analyzed at different stages of the failure process, such as cracks developing
on gear teeth. Such testbeds would be important for model validation, sensor development, and
advancing the understanding of the failure process of materials as components,

Some of the scientific and engineering approaches we see as cxitical inclede: (1)
developing hybrid systems that combine inductive processors (eg. neural nets) with deductive
methods (eg. expert systems, physical models), (2) Creating software toals based on real data
and knowledge of the failure process, (3) fully characterizing simple mechanical models, eg.
simple gearbox (4) characterizing the critical steps in mechanical failure, (5) developing that
target performance of a diagnostic system, based on cost/benefit analysis of the entire
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H-46 ROTOR HUB, P/N A02R2550

CRACK LOCATIONS

BOTTOM
VIEW




H-46 ROTOR HUB FAILURE LOCATIONS

DEPOT LEVEL PROCESSING
DATE
NR FOUND DEFECT PROGRESSION
1 Feb-69 GOUGE YES, 1.5*
2 Feb-83 STOP IMPACT NONE
3 Aug-83 GRIND CRACKS YES, 2.0*
a4 May-86 GOUGE YES, 1.0*
5 May-87 GOUGE YES, 0.9*
6 Aug-87 NICKED YES, 2.0*
7 Feb-88 CORR. PIT YES, 0.4*
8 Dec-88 GRIND CRACKS NONE
9 Dec-88 FORGE LAP YES, 0.4*
10 Mar-89 NICKED YES, 2.5*
11 May-89 NICKED YES, 1.0*
12 Mar-90 UNK YES, 1.5*
13 Jul-90 UNK YES, 2.0*
14 Jul-90 GRIND CRACKS NONE
15 Jun-91 UNK YES, 1.5*
16 Mar-92 UNK YES, 2.5*
17 Mar-92 GRIND CRACKS YES, 1.5*
18 Apr-92 UNK YES, 2.5*
19 Apr-92 GRIND CRACKS YES, 1.0*

* FATIGUE PROPAGATION IN INCHES
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H-46 CONNECTING LINK, P/N A02R2551

CRACK LOCATIONS

BOTTOM VIEW
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H-46 PITCH SHAFT , P/N A02R2554
CRACK LOCATIONS
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H-46 TIE BAR, P/N A02R2505-2




W

H-46 FAILED TIE BARS
AD2R2505-2
SERIAL DATE BROKEN
NR NUMBER  FOUND ELEMENTS TSN HEAD  ARM _ SQUADRON
1 A-12649  13~Jun-91 15 545 AF1_ RepD  HCE
2 A-13119 18-Jun-91 2 103 AFT YEL HMM 166
3 A-12341 23-Jun-91 3 284 AFT UNK HMM 264
4 A12350 23-Jun-gt 3 234 AFT YEL HMM 268
5 A-12475 24-Jun-91 2 214 AFT GRN HMM 164
6 A-12789 24-Jun-91 2 274, AFT YEL HCS
7 A-12754 27-Jun-91 4 274 AFT RED HCS5
8 A-12726 27-Jun-91 2 300 AFT YEL DEPLOYED
9 A-12474 27-Jun-91 2 869 FWD RED  DEPLOYED
10 A-12652 29Jun9t 5 324 FWD UNK HMM 264
1 A-12661 18-Aug-91 16 209 AFT YEL HCG6DET6
12 A-12662 18-Aug-91 2 209 AFT RED HCG6DET6
13 A-12827 30-Aug-91 2 356 AFT RED HC8
14 - A12643 30-Aug-91 2 302 AFT- - RED HC8 . -
15 -~ A-12306 21-Sep-91 3 751 ~ AFT ---RED HMM 162 -
16  A-12655 27-Nov-91 4 UNK AFT - RED HC6 -
17 - A-12950 18-Feb-92 4 253 AFT UNK HMM 265"
18 - A-12755 17-Mar82 6 808 AFT —GRN HCS
19 - A-12763 17-Mar-92 7 ~-808-  AFT YEL HCS
20 = A-12726 6-May-92 13 870 _ AFT YEL HCSDETH
21 A-12640 15-Jul-92 3 1018 UNK - UNK HC11~
2 . A-12691 3-Aug-92 3 632 - UNK -~ “UNK HC3
23 A-12927 5-Aug-92 4 .g36  TUNK - “UNK UNK
24 A-128324 5-Aug-92 6 - 536 UNK - UNK UNK
25 A-13714 11-Aug-92 4 - a49 - TAFT  YEL HC 1
- 26 A-12647 2-Sep92 - 15 = ~AFT== "GRN  HCSDET1°
- A-14510 17-Sep-92 13 “~AFT =.-UNK -HC3 -
- 28. A-13900 22-Sep-92 - -AFT--- YEL HCU DET 10-
2 A-14448 6-Oct-92 FwD - YEL HMM 261
30 A-13692 6-Oct-92 ‘AFT - YEL HC11DET10
31 A-13870 6-Oct-92 AFT RED HC11DET10
A-15057 9-Oct-92 UNK UNK HCS8
A-14520 9-Oct-92 UNK UNK HCS8
A-14499 9-Oct-92 UNK UNK HC8

8
7
5
3
4
4
4
A-13868 9-Oct-92 4 AFT YEL HCG6DET 4
A-14455 13-Oct-92 3 AFT GRN HMM 164
3
3
2
3
17
15
1"

A-14382 13-0ct-92 AFT YEL HMM 164

NS TIHTREE

32

k<]

A

35

36

37

33 A-14468 14-0ct1-92 FWD RED HC?®
39 A14477  14-0ct-92 FWD GRN HCS
40 A-14567 14-0ct-92 FWD YEL HCS
41 A-14263 14-0ct-92 169 AFT RED HC8
42 A-14225 14-0ct-92 169 AFT GRN HC®
a3 A-14238 14-Oct-92 169 AFT YEL HC8
a4 A-14550 16-0ct-92 5 323 AFT RED HC 11
45 A-14472 16-Oct-92 3 <] AFT GRN HC 11
46 A-14557 16-0ct-92 3 33 AFT ~ YEL HC 11
a7 A-138%4 19-Oct-92 4 291 AFT GRN HC 11
48 A-12645 21-Oct-92 5 UNK AFT RED HC3
49 A-14142 28-Oct-92 2 UNK AFT UNK HMM 364
50 A-14144 28-Oct-92 2 UNK AFT UNK HMM 364
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A-13540
A-14323
A-14084
A-14305
A-14058
A-14254
A-14464
A-14087
A-14239
A-14531
A-14430
A-13882
A-13856
A-13923
A-14347
A-13140
A-14139
A-14270
A-13957
A-13956
A-14035
A-13803
A-13913
A-13910
A-14280

“A-14721

A-13960
A-12650
A-18980

- A-13585

A-13885
A-13871
A-13888
A-14290
A-14074
A-14466
A-12658

A-14722°

A-14093
A-14109
A-14076
A-13489
A-14059
A-13522

A-14186

A-14157
A-1231
A-15012
A-13701
A-12794
A-13656
A-14193
A-14092
A-14827

18-Nov-92
19-Nov-92
20-Nov-92
3-Dec-92
15-Dec-92
15-Dec-92
25-Dec-92
2-Jan-93
5~Jan-93
5-Jan-93
5-Jan-93
11-Jan-93
11-Jan-93
11-Jan-93
11-Jan-93
11-Jan-93
20-Jan-93
22-Jan-93
28-Jan-93
3-Feb-93
17-Feb-83
5-Mar-83
5-Mar-93
6-Mar-93
7-Mar-33
1-Apr-93
5-Apr-93
8-Apr-93
12-Apr-93
© 13-Apr-93
11-May-93
11-May-83

11-May-93 -

11-May-93
14-May-83
24-May-93
17-Jun-93
21-Jun-93
25-Jun-93
25-Jun-93
25-Jun-93

14-Jul-93

16-Jul-93

17-Jul-93

6-Aug-93
18-Aug-93
26-Aug-93
26-Aug-33
27-Aug-93

7-Sep-93

8-Sep-93
15-Sep-93
17-Sep-93
17-Sep-93
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UNK
145

UNK
UNK
UNK

219

AFT
AFT
AFT
FWD

FWD

UNK
AFT
AFT
AFT
UNK
UNK
UNK
AFT
AFT

UNK

~ UNK

UNK
UNK
UNK
AFT

AFT
AFT
AFT
AFT
AFT

UNK
UNK

AFT
AFT
AFT

UNK
AFT
UNK
UNK
UNK
UNK
UNK
UNK
AFT
UNK

AFT

UNK  HMM 364
RED  HC8DET1
UNK  HMM 262
UNK  HMM 364
UNK  HMM 364
UNK  HMM 364
YEL HCG6DET2
UNK  HMM 261
GRN  SOMS K-BAY
YEL SOMSK-BAY
RED SOMS K-BAY
UNK  HMM 261
UNK  HMM 261
UNK  HMM 261
UNK  HMM 262
UNK  HMM 265
UNK  HMX1
GRN  HMM 163
UNK  HMM 261
UNK  HMM 261
RED™  HMM 265
UNK  HMM 261
UNK  HMM 261
UNK  HMM 261
GRN~ HCBDET1
UNK.  HMM 364
GRN. HC11D11
UNK _ HMM 165
UNK = HMM262 -
UNK  HMM364 .
GRN . HMM 254
YEL. HMM 264
RED  HMM 264
GRN: HMM264 -
UNK  HMM 261
GRN  HMM 264
UNK DEPOT CHPT
UNK  HMM364
UNK  HMM 164
UNK  HMM 164
UNK  HMM 164
YEL  HMM 166
UNK  HMM 266
RED HC11D3
UNK  HMM 261
UNK  HMM266
UNK  HMM261
UNK  HMM 261
UNK  HMM266
UNK  HMM 261
GRN  IWAKUNI
UNK  HMM262
RED HC 11
RED HC 11




H-46 TIE BAR PIN, P/N A02R2644
CRACK LOCATIONS
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H-46 TIE BAR PIN, P/N A02R2644
FAILURE LOCATIONS

DATE
NR FOUND DEFECT
1 . 27-Feb-84 STRESS CORR.
27-Mar-90 STRESS CORR.
3 1-Apr-90 STRESS CORR.




H-46 PITCH HOUSING, P/N A02R2553

CRACK LOCATIONS
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H-46 BLADE FITTING, P/N A02R1710

CRACK LOCATIONS
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H-46 INNER RING, P/N 107R3582
CRACK LOCATIONS
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FORWARD SHAFT AND CARRIER
P/N A02D1269
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H-46 FORWARD SHAFT AND CARRIER FAILURES

SERIAL DATE CRACK

NR NUMBER FOUND TSN TSO SIZE
1 P662 Nov-82 UNK UNK 7" /15"
2 TA826 23-Oct-90 >2000 1132 21" 1.7"
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AFT ROTOR DRIVE SHAF
P/N A02D3011

CRACK LOCATIONS

Shoulder
Area*

Pin Holes*\ N—

* Recurring
Inspection

Upper Shaft Area

e,

o w4

.E“l’
- O an .
-u L an ay O S Oy Ay &y B GE b I B .




.. ...

HOW®ONO

N
[ %)

29

30
.31
32
33

'NOTES :

' '
; ‘
‘ '

g

Z
;E:Mwmmwr " e =

73

X

AFT VERTICAL

SERIAL DATE OF BUREAU

471
659
755
917
963
423

333

876
305
421
477
A 138
949
650
555
517
350
750
930
269
769
946
702
A 170
672
544
684
864
723
536
595

e i 2

B D B B b

=3

SHAFT CRACKS

CRACK

DATE
NUMBER AND ~> NUMBER FOUND TSO TSN LOCATION _MISEHAP
156471 78SEP 114 2260 PIN HOLE W Mo
154827 77JUN 809 2279 YES/Ane e~
159913 78MAR 530 2489 PIN HOLE -URK-ANo
UNK 78APR 979 UNK THREADS  BNK M0
154020 78JAN 517 1521 PIN HOLE §RK MO
154846 8O0AUG 263 2091 THREADS  HNK-M0
154831 I E
oNK S 3 R R
85262 151433 83081 1987 UNK NO
85014 154857 83104 2000 UNK NO
85182 157661 83119 2878 THREADS  NO
88217 151941 83147 3873 THREADS NO
84274 157704 83204 N/A 1327 THREADS  NO
84366 156465 83204 297 1714 PIN HOLE NO
85295 156427 83300 789 1906 PIN HOLE NO
84094 155317 83353 2732 THREADS  NO
87168 150957 84080 1517 PIN HOLE NO
84361 151908 84206 1256 2305 THREADS  NO
84017 154789 84221 1966 THREADS  NO
85097 153372 84261 2637 THREADS  NO
84294 159651 85008 1659 2469 THREADS  NO
84285 156454 85046 3439 PIN HOLE NO
UNK UNK 85071 UNK THREADS  NO
85161 150957 85083 1398 1882 UNK NO
85066 157702 85114 1 2564 UNK NO
U UNK 85201 UNK PIN HOLE NO
853. . 154799 86037 1316 3027 THREADS  NO
87077 153405 87121 2331, THREADS NO
88062 153998 88138 3693 UNK NO
87305 157674 88239 2823 PIN HOLE - NO
88134 151937 88134 2470 UNK NO
91282 151651 91308 4577 UNK NO
90061 156472 92037 4374 PIN HOLE NO

PP

791

Bureau numbers were not listed in the transmission records where a

ith those recéeving overhaul and repair because of failed NDI.

great ammount of this information was obtained. A search was made to locate
he closest dated bureau number through COMPTRACK. Time since new and time
ince overhaul were obtained from the transmission records if they were listed

otherwise these figures came from the COMPTRACK data. .

‘ItONCLUDING: Number's 8Athrough 33 were obtained by comparing inducted shafts
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INPUT PINION ADAPTER
P/N 107D3047

CRACK LOCATION
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H-46 INPUT PINION ADAPTER FAILURES

SERIAL DATE
NR NUMBER FOUND TSN TSO CRACK
1 A-302 1-Jun-90 UNK UNK Thru Lug




H-46 DCU PROGRAM FEATURES
REVISION H SOW

MATERIAL CHANGES

EPOXY FINISHES

LOCAL BEEF-UPS
NON-HYDROSCOPIC LINERS

NEW SEALS

NEW BEARINGS

NEW DAMPER SEALS/SIGHT GLASS

NEW SHAFT SEALS
AFT MIX SIGHT GLASS
AIR DRIER SYSTEM
#1 BOOST PUMP DRIVE SPLINE ADAPTER
ACCESSORY GEARBOX
*« ALIGNMENT
« NON-METALLIC SPLINE ADAPTERS.
« UTILITY PUMP SHEAR SHAFT
DRIVE SYSTEM

- SLIDER GUIDE BUSHINGS
NEW FORWARD SHAFT
NEW AFT SHAFT
SYNCH SHAFTS EPOXY FINISHES
NEW SYNCH SHAFTS MOUNTS

SWASHPLATE GIMBAL MATERIAL CHANGE
SWASHPLATE LOWER RING MATERIAL CHANGE
NEW SWASHPLATE DRIVE LINK BEARING
SCISSORS .
* MATERIAL CHANGES TO DVM
* NEW BUSHINGS
* NEW BEARINGS
-~ PITCH LINKS AND COLLECTIVE LINKS
* MATERIAL CHANGES
* NEW BEARINGS
- LCT ACTUATOR MODS
- NEW DASH ACTUATOR SHAFT SUPPORT

*

o4 ¢ s
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